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INTRODUCTION

Project Relay is the National Aeronautics
and Space Administration's low-altitude,
active repeater communication sateiilte proj-
ect. The objectives o$ t_is program_wei'e to

carry out communications experiments by
satellite, to detect _ddla-t_Jn--par-tlc-l-es in" the
Van Allen belt, and to determine _ the extent
of radiation damage to solar cells and elec-
tronic components. - ....

This report describes the his_bry, tech-

nical developments and events cJhcerned
vCith Project Relay.

The application of satellites_f(h: _roviding
long distance commtihlca-t[dn _,'ipabilities had
been forecast for some time. Prior to 1960

NASA had pursued the development of pas-
sive satellites and demonstrated the feasibil-

ity of microwave satelllte communications
with the successful launch of t:he Echo S-atel-

lite. The Department of Defense had-con-
ducted communication experiments using the
active repeater satellites SCORE and Cour-
ier.

In November of-1960 NASA awarded a
contract to the Space TechnoIogy Labora-
tories to conduct an accelerated study which
would determine the technicaIcharacteristics

of aft experimental low-altitude, active com-
munlcations satellite system Eapable of pro-
viding technology leading to a commercial
communications satellite system. This study
examined satellite equipment, modulation
systems, satellite structure, thermal control,
attitude control, power systems, tracking,

telemetry, command, ground station configu-
rations, and antennae for a communications
satellite system. In addition, numerous orbit
studies were conducted to examine viewing

times between station pairs of possible

F
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L:
L
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ground station locations. Specifications were

developed from this work for the Relay sat-
ellite.

In January of 1961, industry was briefed
on the requirements of Project Relay and in
May of 196I a contract was awarded to the
Radio Corpi)ratlon- of America, Astro-Elec-
tronics Division for the development of three

flight spacecraft for Project Relay.
In addition to the primary communications

eqi]ipm-ent, instrumentation was also de-
signed to measure the intensity and distribu-
tion ot" high _-and-low energy electrons and
pi;bto-nfi in the space environment and to de-
termin_ the _extent of damage that these

particles :would cause to diodes and solar
cells. Bell Telephone Laboratories and the
State University of Iowa developed and built
the radiation monitoring equipment under a
NASA contract. Diode and solar cell damage

experiments were developed by NASA/God-
dard Spade Flight Center.

During this period, great international in-
terest was shown in the Relay program and

foreign governments were invited to partici-
pate in communications experiments using
the Relay satellite. Under agreements ap-
proved by the respective Cbuntries, communi-
cations organizations in the United Kingdom,
France, West Germany, Italy, Brazil and
Japan developed ground stations for partici-

pating in the Relay experiments. An Interna-
tional Ground Station Committee was formed
for coordination and definition of the Relay

system and communication experiments. The
Ground Station Committee is chaired by
L. Jaffe, Director of Communication and

Navigation Programs, NASA Headquarters
with D. G. Mazur of NASA/Goddard Space

]



2 INTRODUCTION

Flight Center as alternate chairman. This

membership includes the Relay Project and
Assistant Project Managers, and a repre-
sentative from each participating ground
station. The capabilities and experiment re-
quirements of the various countries repre-
sented an important contribution to the

design of the Relay communication system,
including the communications transponder in
the spacecraft.

In addition to the participating overseas
ground stations, the NASA contracted with
the American Telephone and Telegraph Com-
pany and the International Telephone and
Telegraph Company for their services and

facilities at Andover, Maine, and Nutley,
New Jersey, respectively, for performing ex-
periments as defined by NASA.

Two NASA test stations, located at Mo-

jave, California, and at the IT&T facility,
Nutley, New Jersey, were developed for the
Relay Project. These stations are utilized for
commanding, receiving telemetry from the
spacecraft, and running communications
tests and experiments. These test stations
were designed, built and operated by the

Space Technology Laboratories under con-
tract to NASA.

The first Relay spacecraft was launched
on December 13, 1962 from the Atlantic

Missile Range by a Delta vehicle. A near
nominal orbit with a perigee of 712 nautical
miles, apogee of 4020 nautical miles, inclina-
tion of 47.5 degrees, and a period of 185
minutes was achieved.

After experiencing some difficulty with
one of the communication transponders, the
spacecraft was brought successfully under

control, and in January of 1963 technical
tests and demonstrations were begun. These
tests have continued for the lifetime of the

satellite, and the objectives of the program
have been met. Test results show that a

satellite can be successfully used as a micro-
wave repeater and that the results obtained
are in full agreement with theory. Radiation
has gradually affected the spacecraft power
system, and damage measurements to se-
lected solar cells have shown that N on P

solar cells are more resistant to radiation

than P on N cells. Some mapping of the
electron and proton fields in the Relay orbit
was also accomplished.

The papers which follow in the body of
this report describe in detail the basic ele-
ments of the Relay system and the technical
information gained from the project. This
report is intended to satisfy the objective of

enabling broad dissemination of information
concerning Project Relay to the scientific and
engineering community.

Part I of this report describes the major
elements of the overall Relay system and
the technical considerations leading to the
design and development of the Relay satellite.

In Part II, the operational prob_lems a_sso-
ciated with an experimental satellite are
discussed, and a detailed description is given
of the Relay test stations, the U.S. commu-
nication stations, and the spacecraft radiation
monitoring and damage experiments. This
volume also contains the communications ex-
periment results obtained by the U.S. ground
stations in addition to giving results of the

radiation experiments.
Part III of this report is a compilation

of reports submitted to NASA by the inter-
national ground stations. These show the
technical considerations and problems en-
countered in the development and operation
of the overseas ground stations. The sepa-
rate reports contained in this volume are

substantially as submitted by the various
international participants and provide station

descriptions and results of experiments as
conducted with the Relay satellite.
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The Relay System
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- - INTRODUCTION

:The Relay project under the direction of

: : N AS._,-(_odd_rd Space Flight Center, has
resulted in the succ-essftiI operation of an
experimental, active repeater, communica-

tion satellite for over a_year. _ Results of the
system studies started in November 1960 by
STL preceded the project development and

led to valid engineering compromises between
the communication satellite performance ob-
jectives and the various_ystem constraints
and parameters discussed herein.

In the following material, relationships
between the system parameters, constraints,
and desired objectives will be discussed. In-
cluded are: a) the system design-tradeoff
areas, b) requirements o(the orbit, c) com-

munication system perfo_ance objectives,
and d) the spacecraft transponder specifica-
tion interface with the widely varied facilities
and capabilities of the ground: and test sta-
tions. Finally, typical link calculations are
given with predicted performance margins
for both wideband and narrowband operation.

Papers found in Parts IT and III describe
communication experiment results, facilitat-

ing comparison between predicted and actual
values of signal levels and performance
margins.

tradeoffs related to the following major
areas.

1. Ground station and test station design

characteristics, including their geographical
locations, antenna characteristics and receiv-
ing system noise temperatures.

2. Communication system baseband to
baseband performance in accordance with

minimally modified CCIR and CCITT require-
ments as necessitated by 1. above.

3. Spacecraft transponder configuration,

effective radiated power output and antenna
characteristics consistent with minimum

weight and max]retire efficiency.

4. Selection of an orbit that would provide:

(a) Acceptable mutual visibility times
between the stations for both East to
West and North to South links consistent

with spacecraft power system capability.

(b) Traversal through radiation fields
of sufficient intensity to permit assessment
of radiation damage to semiconductor ma-
terials carried in the spacecraft radiation

experiments.

(c) Both (a) and (b) above to be con-
sistent with the booster-vehicle capability
when launched from the Atlantic Missile

Range.

SYSTEM DESIGN TRADEOFFS By virtue of al/nost two years of successful
" : : operation of the Relay system, it can be said

The Relay system design evolved with the : that the major design tradeoffs had been

solution of the !nterfac e problems and system adequately considered.
=
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6 RELAY I--PART I

GROUND STATION AND TEST STATION
DESIGN CHARACTERISTICS

Figure 1-1 provides a means of viewing
the geographical locations of the stations
participating in the Relay program. Typical
great-circle distances involved in the N-S

link are in the order of 5000 statute miles,
4200 statute miles in the E-W link.

Table 1-1 lists the major station design
characteristics upon which the system link
calculations were based. Of particular note
is the wide variation of system noise tem-

peratures and antenna gains among the
stations,within which bounds the varied com-

munication requirements were to be met. It
is appropriate to note that in the early
design phases of the program only "best
estimates" for antenna gains and noise tem-
peratures were available in some cases. It
was expected that as the stations became
operational and refinements in equipment and

measuring techniques were made, that the

criteria of Table 1-1 would appear slightly
pessimistic, thus adding to the system per-
formance margins.

Since individual papers in Parts II and III
provide details of all the participating sta-
tions, only the major station design char-
acteristics and the manner in which they

interfaced with the Relay system design are
discussed here.

Frequency Selection

One major consideration given to the

choice of the uplink frequency was that of
minimizing the collimation error of ground
transmitting and receiving antenna beams.

It should be noted that, chronologically
speaking, the stations were not operational
at the time of frequency selection. Potential
tracking error sources (servo system angular

resolution, gear backlash, wind gust induced
servo error, nonorthogonality of antenna
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STATION LOCATION

LATITUDE LONGITUDE
116°53'57 '' WMoiave , CaJiFornia, U. S.A. 35 ° 17'48" N

Nutley, New Jersey, U.S.A. 40°48'58" N 74°10'01 '' W

Andover, Maine, U. S.A. 44°37'55 '' N 70o41'54 '' W

Rio de Janeiro, Brazil 22o57'09 '' N , 43°22'07 '' W

5. Goonhilly, England 50o02'58" N 5°10'29" W

6. Pleumeur-Bodou, France 48°47'13 '' N 3°31'30 '' W

7. Ralsting, Germany 47°54'15" N 11°06'34 '' E

8. Fuclno, Italy 41°58'00 '' N 13°36'00" E

9. lbaraki PreFecture,Japan 36°4i'40" N 140°41'43 '' E
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FIGURE 1-1.--Geographical locations of stations participating in Project Relay.



THE RELAY SYSTEM

TABLE 1-l.--Relay Crround S¢_ion and Test Station Design Charac_*/st/cs

Station

Andover, Maine
Ground Station.

Fucino, Italy
Ground Station.

Goonhilly Downs,

England
Ground Station.

Mojave, California
Test Station.

Nutley, New

Jersey
Test Station.

Nutley, New

Jersey
Ground Station.

Pleumeur-Bodou,
France

Ground Station.

Rio de Janeiro,
Brazil

Ground Station.

Transmit and receive
capability

One-way television and
300-channel tele-

phony; two-way, 12

channel telephony

Receive 12-channel

telephony

One-way television and
300_hanneltele-

phony;two-way, 12

channel telephony

Wideband test signals

Wideband test signals

Two-way, 12-channel

telephony

One-way television and
300-channel tele-

phony; two-way, 12-

channel telephony

Two-way 12-channel

telephony

Antenna

3600-ft _ aperature
horn, AZ-EL

mount, under

radome

30-ft diam.

Cassegrainian

parabola, AZ-E[
mount

85-ft-diam.

parabola,
AZ-EL mount

40-ft-diam.

parabola,
X-Y mount

Same as Nutley

Ground
Station

40-ft-diam.

Casaegrainian
parabola,
AZ-EL mount

3600-ftz aperature
horn, AZ-EL
mount under
radome

35-ft diam.

Cassegrainian
parabola,
AZ-EL mount

Receiver

4°K maser

Cooled

parametric

amplifier

Maser

100°K cooled

parametric

amplifier

120°K coded

parametric

amplifier

290°K

parametric

amplifier

4°K maser

290°K

parametric
amplifier

Gain

1725 Mc 4170 Me

50.2 db 57.6 db

48.6 db

50.7 db 58.4 db

44 db 52 db

42.9 db 51.1 db

42.9 db 51.1 db

50.2 db 57.6 db

4O.2 db 48.2 db

Total system
noise temp.
at 7.5 ° elev.

50.8°K

220-250°K

100°K

175°K

200°K

420°K

50.8°K

420°K

axes) were not finitely known. Compounding

this was the variety in size and type of an-
tennas which the Relay system had to accom-
modate.

Whereas the downlink (wideband) center
frequency was prearranged by agreement
between GSFC/NASA and BTL to be 4169.72

Mc, compatible with Telstar 1 4 kMc tracking
beacon, it was decided to utilize a lower up-

link frequency to take advantage of the wider
antenna beamwidth that results. Thus, track-

ing at 4 kMc and transmitting on the up-link
at 2 kMc with twice the antenna beamwidth

materially eased the beam collimation re-

quirements.
The tracking geometry is illustrated in

Figure 1-2; the analysis of this problem

along with other tracking and acquisition
considerations is available.*

*Project Relay Ground Station Acquisition and
Tcaeking Considerations, STL Document No. 8949-
0012-NU-000.
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lO00

eB

_'100

z 10

FmURE l-2.--Antennapointinggeometry.

S = Satellite uncertainty in the plane nor-
mal to antenna line of sight

±,_ ---- Nominal satellite position
04 --Antenna beamwidth A (tracking),

01,= antenna beamwidth B (trans-
mitting)

0k -- Beamwidth A positioned at opposite
limit

_e z Allowable pointing error
cc = Allowable RF collimation error for

beamwidths A and B, 0B > Oa

_C -- 2

The exact frequencies selected were there-
fore:

UPLINK (Ground-to-spacecraft)
1725.000 Mc for one-way television
1723.333 Mc for East-to-West

and North-to-South two-way
1726.667 Mc for West-to-East telephony

and South-to-North

DOWNLINK (Spacecraft-to-ground)
4169.72 Mc for one-way television

4164.72 Mc for East-to-West)
and North-to-South [two-way

4174.72 Mc for West-to-East(telephony
and South-to-North )

The additional advantage to be gained by
the choice of a lower uplink frequency for

-- '_ ELEVATION ANGLE

i I
1 10

(kMc)

FIGUREl-3.--Skytemperature.

I00

transmission was that any 4 kMc waveguide

used in a ground station receiving antenna
system would be operating well below cutoff
at the 2 kMc transmitting frequency, thus

providing increased isolation for the sensitive
receivers. Antenna feed systems could then
be made simpler, obviating the need for

diplexers and filters in some cases.
Selection of these frequencies, as can be

seen from Figure 1-3, is compatible with
lower noise contributions from galactic and

sky sources as well as water vapor and oxy-
gen absorption effects.*

Power Level Considerations

During the system study phase of Relay,
the link calculations were subjected to an
iterative process as the requirements of
ground and spacecraft transmitter power
levels were being finalized. Previously, an
extensive state-of-the-art study had been

conducted by STL for GSFC in the field of
power amplifying devices for spacecraft ap-
plications.** The applicability and availabil-

*Ground Station Factors A_ectiug Wideband
Relay Link Parameters of the NASA Communica-
tions Satellite, STL Document No. 8949-0001-NU-
000.

**Project Relay Airborne Equipment Survey, STL
Document No. 8949-0010-NU-000.
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ity of TWT's, planar triodes, and voltage
tunable magnetrons were investigated.

Finally selected were a'sPec_alIy developed
l0 kw Eimac kIystrSn for the •ground trans-
mitter and h ]0 w t_A_raveling wave tube
for ....the morecritical downlink. The former

was se]ect_ed On the basis of minimizing any
noise contribution on the uplink, thus pro-
viding some margin for spacecraft receiver
noise figure degradation, with the adjunctive

consideration that the weight penalty could
be most conveniently carried in the ground
equipment. The choice of TWT for the space-
craft was based on bandwidth, efficiency and
low weight characteristics coupled to a power
level that would enhance performance mar-
gins.

Both devices were engineering development
tasks that could be_co_mpleted andtested in

consonance with the schedule for ground sta-
tFion and spacecraft COmpletion. Therefore,
NASA/GSFC outfitted both ground and test
stations with identical 'I0 kw-transmitters.

SPACECRAFT SPECIFICATIONSUMMARY
" - . 7,: "--j __

There were four possible configurations
for the overall Relay spacecraft proposed to
NASA/GSFC in April 1961 as a result of
STL studies.* Included were studies on a
number of suggested configurations for the

transponder.** A linear-translator, a fre-
quency-multiplier and demodulator-remodu-

lator were among those examined. Analyses
of modulation systems, link parameters and
satellite antennas, as outlined in the study
reports were givenconsidered judgement by

NASA/GSFC. The redundant, multiplier
transponder configuration was finally se-
lected.

As design and development proceeded
within the facilities of the spacecraft con-
tractor, the detailed configuration of Figure
1-4 evolved. -

. A brief summary-o'f_the major spacecraft
performance require_-ts-is _given below.
Later papers in this vo-Iume will describe the
spaceCraft-_i_/- detail. _

Weight::172 Il_/ ............

Stabilization: Spin, 150 rpm nominal

THE RELAY SYSTEM 9

(longitudinal), spin axis nominally 90 de-
grees to the sun vector.

Power System: P on N solar array (Relay

I only) 60 mi] silica shielding, 10.5 percent
-m_-um" efflciency cells at 30°C, AMO;

sealed Ni-Cad batteries, 9 AH capacity,
matched cells; unregulated output 28 ''__,vdc
with maximum 20 mv ripple ; individual regu-

lators for transponders, 22.5 vdc _+ 1 percent ;
low power regulator for radiation experi-
ment, 22.5 +1 percent, common negative
ground system. Continuous load require-

ments 5.5 watts, transponder load 92 watts
for 36 minutes of operation in an orbital
period of 163 minutes.

Telemetry System: Dual 136 Mc (nominal
frequency) transmitters, individually com-
manded, with switchable modulation; 200
mw output with minimum of 24 to 33 vdc

input, PCM/PM modulation, continuous op-
eration capability at 0°C to-_-30°C, 0 to 5
volt telemetry data input signal level, with
2 to 5 volt range input causing RF carrier
phase shift to 140 +5 degrees; RFI per-

formance requirements in accordance with
MIL-I-26600. Antenna systen_ _0-be_shared

with command system. Telemetry system
inputs to be obtained via aft encoder preceded
by suitable signal conditioning circuits. En-
coder contains 1-128 channel main multi-

plexer (primarily radiation experiment data
inputs), i-64 channel submultiplexer (pri-
marily spacecraft instrumentation), 1-32
channel submultipIexer (solar cell radiation
damage experiment data input), ][152 bits/sec

data rate, split phase NRZ output format.
Command System: Frequency (about 150

Mc; redundant, l_v sensitivity receivers and
decoders; compatible with NASA PCM/
PDM/AM/AM command format, 20 command
capability with telemetered command veri-

fication.; antennas shared with telemetry
transmitters; continuously operable at tem-

*Ground Station Factors A_ecting Wideband Re-

lay Link Parameters of the NASA Communlcatio_s

Satellite, STL Document No. 8949-0001-NU-000.

**Final Report---Project Relay Active Communi-

cations Satellite System Study, Volume I, STL

Document No. 8949-0004-RU-000.
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1725.0 Mc-WB

1723.333 Mc'_ _ NB
1726.667 Mc J

J LOCAL J

OSCILLATOR I

L__I
AOC

fo = 68.33 Mc

TWO-WAY TELEPHONE

fQ = 71.67 Mc
TELEVISION

fo = 70.0 Mc

LOCAL
OSCILLATOR

B_CON

q TRANSPONDER NO. 2 SAME AS ABOVE [

I

FICURE 1-4.--Relay satellite transponder configuration.

4169.72 Mc-WB

4164.72 Mc'_ _ NB
4174.72 Mc J

_Y

peratures of 0 to 30°C with input voltage

between 20 and 34 vdc. RFI performance

compatible with MIL-I-26600 standards.

Wideband System: Two completely redun-

dant systems, switchable on command ; uplink

frequency 1.725 kMc nominal center fre-

quency; downlink frequency 4.170 kMc nom-

inal center frequency; input signal dynamic

range --40 to --80 dbm; output signal 10

watts nominal for TV, 4 watts for each car-

rier for two-way, twelve-channel telephony;

hard-limiting, tripler configuration (Figure

1-4) ; FM modulation. Antenna polarization

circular, right hand for receiving, left hand

for transmitting, 70 db minimum isolation

between transmitter and receiver; antenna

gain greater than --1 db for look angles (_)

between 35 and 120 degrees; antenna

VSWR's less than 2:1; receiver noise figure

less than 14 db including 3 db input hybrid

coupler; image rejection greater than 20 db;
crosstalk in narrowband channels to be less

than --55 dbm0 in CCIR group A or B

channe]:i phase delay response over 23 Mc

output bandwidth less than 50 nsec para-

bolic, 7 nsec linear, 5 nsec ripple, with --+5

percent matching characteristics from trans-

ponder to transponder; 4 kMc -+20 kc track-

ing beacon of 40 mw minimum effective

radiated power.

Thermal Control: Both active (actuator-

vane type) and passive. Component average

temperature to be maintained between ÷5°C

and +30°C.

Attitude Control:* Active, torquing coil.

RELAY ORBIT CHARACTERISTICS

The Relay orbit was designed to meet the

following requirements :

1. To maximize satellite mutual visibility

above a 5-degree horizon between U.S. and

Europe. A minimum of 100 minutes per day

during the first 30 days was the achieved

design objective.

2. To provide acceptable mutual visibility

times for the test stations and smaller ground

stations (see Figure 1-1 and Table 1-1).
3. To traverse a radiation environment

suitable for evaluation by the on-board radi-

ation experiments.
4. To minimize the simultaneous occur-

rence of mutual visibility times and eclipses.

5. The sun look angle was to lie between

90 -+15 degrees for the first 30 days in orbit

with a maximum deviation of --+31 degrees

for a year's orbit.

6. The launch trajectory was to be con-

sistent with the range safety requirements

at AMR.

Based on launch vehicle economics, pay-

load weight and reliability, Relay was

launched by a vehicle consisting of a Thor-

Delta Block II first stage, an A J10-118 second

stage and an ABM-248 third stage, utilizing

a low drag nose fairing.

*Perturbations in the spacecraft attitude were of
so minor a nature that this system was not actively
used.
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Within the constraints outlined above, few
orbital parameters were really open for judg-
ment, as each minimized parameter choice.
In general, operating time as a variable ab-
sorbed the influences of the various system
constraints.

Allowable launch azimuths at AMR, within

range safety boundaries, extend from nearly
due east to about 108 degrees true. Using
this southernmost pitch plane would lead to
an orbital inclination of approximately 30
degrees.

Since a greater inclination was needed, a
dog-leg launch trajectory was flown. Giving
the upper stages a yaw angle-of-attack to
the right caused the final velocity vector to

be rotated such that the resulting orbit plane
inclination was 47.5 degrees.

Several ground stations are at north lati-
tudes in the 40-50 degree region, therefore,
the 47.5 degree inclination was an acceptable
compromise.

The Delta launch sequence involves two

stages of powered flight, coasting to apogee
of a transfer ellipse, then an injection burn

of the final stage increases the velocity to
greater than that required for a circular
orbit at that altitude. Apogee on the trans-
fer orbit becomes perigee on the final orbit,
and the altitude of apogee in the final orbit
is a function of the velocity in excess of
circular velocity achieved at final burnout.
Apogee and perigee altitudes for the result-
ing orbit are therefore influenced by the
amount of energy used for rotating the veloc-
ity vector to control the inclination.

The 172 pound spacecraft was thus placed
in a 4000 nautical mile apogee- 700 nautical

mile perigee orbit which was inclined 47.5
degrees with respect to the equator. These
three orbit parameters represent a good com-
promise between communication operation
time and booster capability, with adequate
launch vehicle performance and stability
margins to insure a high probability of launch
success.

Point-to-point communication via the Re-
lay satellite is available only when the space-
craft is 5 degrees above horizons of both

stations. It can be readily visualized that
the farther the satellite is from either station

the higher its altitude must be for mutual
visibility. With ground stations in England,
France, Germany, Italy, and the U.S. it is

easy to visualize those periods when commu-
nication might be available across the Atlan.

tic Ocean. The latitude of the ground track
must be close to the latitude of the stations,

depending upon the coincident altitude. At
the same time the longitude of the ground
track must be between the longittides of the
participating stations, again depending upon
the altitude. With a ground station in South
America, a similar discussion applies for
mutual visibility to North America or to

Europe.
For the Relay I satellite in the orbit pre-

viously discussed, the latitude, longitude, and
altitude requirements for mutual visibility
were met at least two or three times each

day on successive revolutions. Adjacent com-
munication passes were separated by the
orbital period of approximately three hours,
consistent with spacecraft power supply re-

charging capability. The exact amount of
useful communication operation time was
different on each pass, and the time of occur-

rence followed no simple pattern but was
predicted by using computer computation for
the orbit.

From the nature of the launch trajectory

it is apparent that injection (perigee) occurs
near the equator. Initially, therefore, apogee
is also near the equator. One significant orbit
perturbation, due to the oblate earth, is the
motion of apogee. From its starting position,
apogee progresses northward in the orbit
plane at a rate which is a function of the
size, shape, and inclination of the orbit, and
of the oblateness of the gravitational poten-
tial field. For this orbit the apsidal rate was
1.2 degrees per day. Apogee therefore oc-
curred at northern latitudes throughout the
first five months in orbit. Obviously, the

longest mutual visibility periods for the
Atlantic llnk were available during this fa-

vorable interval, but a few months later with
perigee at northern latitudes, operating time
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on this link was greatly reduced.

Another feature of the Relay orbit which

can be described in general terms is the oc-

currence of eclipse periods during some

revolutions. On-board component tempera-

tures and power supply capacity (maintained

by solar cell energy conversion) are reduced

during eclipse seasons. Since the most useful

mutual visibility occurred when the space-

craft was near apogee, and most eclipses

occur when near perigee, little communica-
tion time was lost due to coincidence of

eclipse.

The other orbit perturbation resulting

from the oblate gravity field is a rotation of

the orbit plane about the polar axis. This

nodal regression amounted to 1.3 degrees

per day for the Relay orbit. A rather com-

plex combination of nodal regression, apsidal

rotation, and the earth's motion around the

sun causes the length of eclipse seasons and

the duration of eclipse on particular revolu-

tions to be difficult to predict unless machine

computations are used. It is nevertheless

possible to visualize two other features of

the eclipse geometry.
Due to the size of the orbit and the inclina-

tion of the orbit plane, there were periods

when this plane made a large (maximum)

angle with the earth-sun line. No eclipsing

occurred for a time, the duration of which

depended on whether apogee or perigee was
nearest to the umbra. Also, consistent with

other known constraints, when selecting the

launch time, the eclipse experiences which

were to affect system operation during the

early weeks in orbit were somewhat con-

trolled by specifying the lift-off time in the

launch window, thus minimizing eclipses

during early revolutions.

Relay, a spin-stabilized spacecraft, essen-

tially maintained the same attitude it was

given at injection. So far as the utilization

of ambient solar energy is concerned, it

would be preferred that this orientation be

always normal to the ecliptic plane. Actually

the orientation with respect to the earth is

controlled by powered flight considerations.

It is then a matter of accepting the annual

sinusoidal variation in orientation angle be-

tween the spin-axis and the sun line which

arises. A time-of-day for injection can be

selected for any launch date in order to
minimize this fluctuation in available solar

energy. It was this parameter, rather than

eclipse considerations, which governed the
actual launch time.

With the inertially fixed spin-axis orien-

tation, there arose one significant geometrical
constraint on the communication usage of

the Relay spacecraft: the satellite antenna

gain pattern could limit the amount of mu-

tual visibility time available for operations.
As the vehicle moved along its orbit, the

line-of-sight between ground and airborne

antenna changed length and orientation with

respect to the spin axis. Detailed planning

of operating periods therefore required the
selection of those sections of the geometrical

mutual visibility periods when favorable an-

tenna look angles were also available. The

task of selection was given to the personnel

of the Operations Center.
It is of interest to compare the prelaunch

orbital element data with early tracking and

elements computed by GSFC Data Systems

Division after several days in orbit. It can

be seen from Table 1-2 that the desired orbit

was achieved with only minute deviation, to

the credit of all concerned.

COMMUNICATION SYSTEM CHARACTERISTICS

AND PERFORMANCE OBJECTIVES

The basic communication objective for Re-

lay I was the transmission of television and

telephony across the Atlantic and the trans-

mission of telephony between North and

South America via a satellite relay. In order

to achieve this objective, certain system

standards were adopted for the communica-

tion link.* Because the Relay program in-

volved the cooperative efforts of many

countries, as well as many industrial organi-
zations within these countries, the standards

selected for use in this system were the
recommendations of the International Radio

*Project Relay I System Requirements, GSFC/
STL Document No. R1-0000.
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TABLE 1-2.--Relay Orbital Elements

Elements

Epoch ...............................................

Semi-major axis .......................................

Eccentricity ............................................
Inclination ............................................

Mean anomaly .........................................

Argument of perigee .............................. ; ....

Motion plus ..........................................

R.A. of ascending node ..............
Motion minus ..........................................

Anomalistic period ......................................

Height of perigee .......................................

Height of apogee .......................................

Velocity at perigee ......................................
Velocity at apogee ......................................

Prelaunch

11 Dec. 62;
2350

1.681

0.285
47.77

00.00

176.43
1.20

217.22

1.28

184.36

1296

7407

29408

16371

Early tracking

13 Dec. 62;

2350

1.686
0.2843

47.47
0.8

177.5

1.212

218.74

1.278

185.09

1322

7439

Post launch

13Dec. 62;
2350

1.68673

0.28427

47.48

0.754

177.543

1.2151

218.742

1.2788
185.09

1321.94

7438.59

29353

16359

Units

earth radii

degrees

degrees

degrees

deg/day

degrees
deg/day
minutes

km

km

km/hr

km/hr

Consultative Committee (CCIR). In particu-
lar, the CCIR document guiding the definition
of the baseband-to-baseband system perform-

ance was Documents of the IXth Plenary
Assembly, Los Angeles 1959, Volume I, Rec-
ommendations.

Due to certain pecularities of satellite

systems in general and Project Relay in par-
ticular, some exceptions to CCIR recommen-
dations were necessary. It is these exceptions,

primarily, which will be emphasized in the
following review of system characteristics
and performance objectives.

System Characteristics

The primary characteristics of the Relay
communication system involve the type of
signals to be transmitted, along with their
baseband structure, and the configuration of
the link over which the transmission occurs.

Signal Structure

The two principal types of signals trans-
mitted via the satellite are television and

inulti-channel telephony. The telephony
transmissions may be further divided into a
wideband, 300 channel, one-way mode and
two narrowband, 12 channel, two-way mode.

Television transmission consists of a 3 Mc

video signal accompanied by an audio chan-

nel on an FM subcarrier. The video portion

of the signal conformed to the 525-line char-
acteristics specified in CCIR Report No. 126,
except for the reduction in baseband width
from 4 Mc to 3 Mc. The peak-to-peak RF
carrier deviation at the ground receiver due

to the picture portion of the signal was made
9.6 Mc instead of the 5.6 Mc specified by
CCIR Recommendation No. 276 in order to
make maximal use of the threshold reduction

properties of modulation-following demodu-
lators.

The accompanying sound channel differs
in several respects from CCIR Recommenda-
tion No. 272. The subcarrier on which the

audio is transmitted was placed at 4.5 Mc
in the baseband instead of the recommended

7.5 Mc. Such a change was necessary in
order to compress the total RF bandwidth
so that a klystron transmitter could be em-

ployed. Furthermore, a reduced baseband
permits carrier demodulation with modula-
tion-tracking receivers of reasonable band-

width. Also, the deviation of the RF carrier
produced by the unmodulated subcarrier was
increased from _+300 kc rms to 2.7 Mc peak-

to-peak. This insures that the audio subcar-
rier discriminator operates above threshold
whenever the RF demodulator is above

threshold. In addition, the audio 3-db band-
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width was reduced to 50-8000 cps and a

standard 75 _ sec pre-emphasis was provided
for optional use.

The multichannel telephony baseband
structure is composed of either two separate
groups of 12 two-way frequency division
multiplex voice channels for narrowband
operation or 300 one-way frequency-division

multiplex voice channels for wideband oper-
ation. The baseband interconnections are

made in accordance with CCIR Recommenda-

tion No. 269. For 12 channel operation, basic
group A occupies the frequency band of 12-
60 kc and basic group B the band from
60-108 kc. For 300 channels the baseband is
60-1300 kc. In order to make maximal use

of the modulation-tracking demodulator in
reducing spacecraft power, greater carrier
deviations were required than those specified
in CCIR Recommendation No. 274. Table

1-3 lists the deviations used for Project Re-
lay. Pre-emphasis was used in accordance
with CCIR Recommendation No. 275.

Link Description

The up-link portion of the satellite relay
link operates at 1725 Mc. The ground trans-

mitter has an output power capability of 10
kw and supplies an FM signal with the devia-
tions listed in Table 1-3.

The satellite transponder, shown in Figure
1-4, receives this signal, amplifies and triples
it, and then retransmits it to the ground at

TABLE 1-3.--Frequency Deviations

Television

Video, picture only .......................

Video, picture plus sync ...................

Audio subcarrier on carrier .................

Audio on subcarrier ......................

Peak-peak deviation

Up-link Down-link

3.2 Me 9.6 Me

4.57 Me 13.7 Mc

0.90 Me 2.7 Mc

200 ke 200 kc

Telephony

300 Channels ............................

12 Channels (60-108 ke) ..................

12 Channels (12-60 ke) ...................

RMS deviation per channel

Up-link Down-link

225 kc 673 ke

105 ke 314 ke

29.6 kc 88,8 kc

4170 Mc. Simultaneous reception and trans-
mission from two different ground stations,
as required in two-way telephony, is accom-
plished in the transponder with two narrow-

band channels separated by 3.333 Mc in
center frequency. The separation was accom-
plished on the ground with one terminal
station shifting its transmitting frequency
by 1.667 Mc, while the other station lowered
its frequency by an equal amount. The use
of separate amplifying channels insures that

both signals enter the TWT at equal power
levels, thereby preventing suppression of the

weaker channel. Without this provision, dif-
ferences in range and look angle between
stations would make it necessary to program
transmitter power to equalize the received
power levels at the spacecraft.

The frequency tripler in the spacecraft
was chosen to provide a match between a
high-power, narrowband ground transmitter
and a lower-power, wideband spacecraft
transmitter. Overall link performance is de-
termined by the critical downlink, where
limited transmitter power required the trad-
ing of bandwidth for power through high
deviation FM. The ground transmitter, on
the other hand, was limited by the band-
width capability of its klystron. Deviation

tripling in the spacecraft satisfied both con-
straints. A necessary consequence of the

tripler was an increase in the up-link noise
contribution by a factor of (3)_ = 9 over
its normal value. However, unlike typical
microwave links, the up-link and down-link
were not equal contributors to system noise
because of the wide disparity in received
carrier-to-noise density ratio at the space-
craft and ground receivers. Because of this

disparity the up-link noise typically contrib-
uted less than 1-2 db to the total even though

magnified by a factor of nine. The increase
in output signal was 9.55 db so that the total
performance quality was improved by 7-9
db through the use of the tripler.

On the ground the incoming signal is re-
ceived at 4170 Mc and demodulated with

either a conventional discriminator, a wide-

band phase-lock demodulator, or an FM
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feedback demodulator. Following this de-
modulator is the baseband equipment shown
in Figures 1-5 and 1-6 for the wideband

and narrowband modes, respectively.

System Performance Objectives

The performance objectives for Relay I
communication system coincided with the

recommended CCIR requirements wherever
possible. In some instances, however, the
CCIR requirements could not be met by all
ground stations, so that reduced objectives
applicable to these stations had to be defined.
Also, for the television audio channel it was

necessary to define additional objectives to
apply to parameters not covered by CCIR
specifications.

Television

For the video channel, CCIR Recommenda-

tion No. 267 applied with two exceptions:
the number of teievision lines and the signal-
to-noise ratio for continuous random noise.

The primary transmission for Project Relay
was 525-1ine television. However, due to the
limited spacecraft transmitter power and the
resultant difficulty in attaining a wide base-
band with comfortable margins, the commu-
nication link baseband-to-baseband was
judged adequate for the 525-line signal of
Project Relay if the transmission objectives
for the 405-line system were met. The 405-

line standard for required video signal-to-
weighted-noise ratio could not be achieved

by all ground stations at extreme spacecraft

range and 7.5 degree elevation angle. As a
consequence, instead of 50 db, a 43 db signal-
to-weighted-noise ratio was considered ac-

ceptable for the Relay I experiment for these
smaller stations. Provision was made for the

optional use of video pre-emphasis for
experimentation. When used, the 525-1ine
pre-emphasis characteristic to CCIR Recom-
mendation No. 277 applied.

At present CCIR has no specifications for
performance of the television sound channel.

However, using the video channel require-
ments of CCIR Recommendation No. 267 as

a guide, reasonable objectives for the audio
channel were estEabllshed. Between the audio-

to-audio interconnection points an insertion
gain of 0 ± 1 db was specified with allowable
short period variations of ±0.3 db and me-

dium period variations of ±1.0 db. The mini-
mum audio signal-to-noise ratio without
pre-emphasis was set at 50 db when using a
9 dbm0 sinusoidal test tone (100 percent
modulation). The peak-to-peak signal to
peak-to-peak noise was specified as 50 db for
periodic noise, while for impulsive noise it
was specified as 25 db. The objective for
harmonic distortion with modulation indices

between 0.25 and 1.0 was 2 percent from
100-5000 cps and 3 percent from 5000 to
8000 cps.

Multi-Channel Telephony

Considering Project Relay an initial ex-
periment in satellite communication, and
further considering spacecraft power limita-
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tions and the small size of certain ground
installations, CCIR Recommendations Nos.

287 and 288 were viewed only as guides to

system noise objectives for telephony. To

accommodate the wide disparity in ground

receiver capabilities, a double standard was

established for telephony channel quality.
For 12-channel operation, the thermal noise

objective for Andover, Goonhilly, and Pleu-
meur-Bodou at 5000 nautical miles and 7.5

degrees elevation was 7500 pw, psophomet-

rically weighted, measured at a point of zero

relative level. For the remaining stations this

objective was increased to 50,000 (psoph)

pw. The objective for 300-channel operation

was 20,000 (psoph) pw. Total intermodula-

tion noise in any telephone channel at a point
of zero relative level was limited to 7500

(psoph) pw for all stations. A summary of

the total telephony noise objectives at 5000

nautical miles and 7.5 degrees elevation is
given in Table 1-4.

COMMUNICATION LINK PERFORMANCE

MARGINS

The expected performance of the commu-

nication link operating between the various

Relay stations will now be evaluated. This

performance is determined using the station

parameters listed in Table 1-1 at the extreme

spacecraft range of 5000 nautical miles and

an elevation of 7.5 degrees above the horizon.

It is assumed that each station employs a

frequency-following demodulator and that

the threshold of this receiver occurs at a

TABLE 1-4.--Telephony Total Noise Objectives at

5000 Nautical Mile Range and 7.6 Degree Eleva-

tion Angle

Receiving
station

tndovcr ...................

Ooonhilly .................

Pleumeur-Bodou ............

Nutley ....................

Rio de J'aniero .............

Fueino ....................

Number of
channels

12 Two-way

300 One-way

12 Two-way

300 One-way

12 Two-way

300 One-way

12 Two-way

12 Two-way

12 Two-way

Total noise objective,

psophomet rically welsh t ed
(pic0watts)

15,000

27,500

15,0(_)

27,500

15,000

27,500
57,500

57,500

57,500

TABLE 1-5.--TeleviMon Power Budget
Goonhilly to Andover

Ground-spacecraft

Nominal + -

Frequency, Mc ............ 1725 ...........

transmitter power, dbm .... 70.0 0.0 0.0

Diplexer and cable loss, db._ i 0.5 0.0 0.0

Fransmitter antenna, gain,

db ...................... 50.0 0.5 0.5

_paee loss, db .............. 176,5 0.0 0.0

_llipt[clty loss, db .......... 1.0 0.0 0.5

Receiver antenna gain, db,_. - 1.0 1.0 6,0

Receiver signal power, dbm.. --59.0 2.0 6.5

Receiver noise density,

dbm/Me ................ -100.0 1.0 0.5

_p-link noise contribution,

Spacecraft-ground

Nominal + --

4170 ...........

4O.0 0.7 0._

1.0 0,0 0,(

0.0 3.5 12.{

184.2 0.0 0.(

1.0 0.0 02

57.6 0.5 02

-88.6 5.2 13.(

--122.4 3.4 0.{

db ...................... i ......................

_.eceiver noise bandwidth,

Me .....................

Fetal receiver noise power,

dbm ....................

?redetection S/N, db ......

['hreshold, db .............

Vlargin, db ...............

4.3 1.6 3.l

23 ...........

--86.4 1.0 0.5

27.4 2.5 7.5

12.0 ...........

15A 2.5 7.5 9.6

Picture quality: 51.9 db, wet hted*
Audio quality: 60.7 db
Range: 5000 nautical miles
Elevation :7.5 degrees
Frequency deviation, downlink

Vl'"deo: 9.6 Mc peak-peak, picture only
Audio subearrier on carrier: 2.7 Mc peak-peak
Audio on subcarrier: 200kc peak-peak

Noise bandwidths
Video: 3.0 Me
Audio: 8.0 ke

*CCIR 405--line weighting factor = 12.3 db.

24.3 ...........

--104.2 5.0 3.1
15.6 5.1 18.(

6,0 ...........

5.1 181

signal-to-noise ratio of 6 db within the de-
modulator noise bandwidth for television and

7 db for telephony.*

Television

A power budget for transmission of tele-

vision from Goonhilly Downs, England to

Andover, Maine is shown in Table 1-5. The

signal transmitter from the ground is re-

ceived at the spacecraft at a nominal level

of --59.0 dbm with a possible variation of

8.5 db. This variation is due primarily to

the dependence of spacecraft antenna gain

upon the radiation look angle within the

"typical" look angle extremes of 20 degrees

and 150 degrees (and can range from --7

db to 0 db). The noise figure of the trans-

ponder is 14 db so that the spacecraft noise

density is --100.0 dbm/Mc and the pre-detec,

*Develet, Jean A., Coherent FDM/FM Telephony
Communication, Proceedings of IRE, Volume 50,
September 1962, pp. 1957-1966.
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tion signal-to-noise density ratio is nominally
41.0 db. For the downlink the 10 watt trans-

ponder output arrives at the ground station
antenna terminals at a level of --88.6 dbm,
and again the 17.2 db tolerance is due mainly
to the look angle of the spacecraft antenna.

In clear weather the total system noise tem-
perature of the Andover station is 42°K, thus
producing areceiver noise density of --122.4

dbm/Mc. In addition to this ground station
noise there is an uplink contribution from
the transponder which is magnified by a fac-
tor of (3) 2 due to the tripler. The total noise
density at the ground receiver is given as

¢v-_ 10_og[1 + 9{ ¢")(Sv)]+ 10 log¢_

-- 122.4 -- --I18.1 dbm/Mc-----4.3

where

Noise power density due to the

spacecraft and the ground re-
ceiver, respectively, dbm/Mc

S_, S_ _ Signal power at the spacecraft
and ground receiver, respectively,
dbm

The predetection S/N within the demodu-

lator noise bandwidth of 24.3 Mc is then 15.6
db. Threshold of the demodulator occurs at

approximately 6 db so that the nominal
breaking margin for the entire link is 9.6 db.

The margin tolerance of -}-5.1 db and
--18.0 db indicates t_he_large variation in
link performance which can occur from pass
to pass. For those revolutions having an-

tenna look angles of 25 degrees or less, the
breaking margin at 5000 nautical miles is
negative and reliable communication is not
always possible.

The quality of the television transmission
is obtained by adding the CCIR 405-line
weighting factor of 12.3 db to the ratio of
peak-peak picture signal-to-mean square
noise. This ratio is given by

, S TV -_ 3f_, Sg

where

fpp : Peak-peak picture signal deviation
/_ -- Video bandwidth

17

With a predetection S/N of 15.6 db the
weighted video S/N is 51.9 db.

The audio portion of the signal is trans-
mitted as FM on a subcarrier. Its quality is
defined as the full-load average tone power-

to-average noise power ratio

S audio : 3 _ f_ Sa

where

6,_ --_ Modulation index of subcarrier

f_,a --" Peak audio deviation
f_ -- Audio bandwidth
The nominal audio S/N is 60.7 db.

Table 1-6 lists similarly calculated quali-
ties and margins for television transmission

between each of the Relay participants. In
each case the elevation angle is 7.5 degrees,

but for the smalIer stations the spacecraft
range has been reduced from 5000 nautical
miles to the maximum range for that station.

Telephony

The power budget for 12-channel telephony
transmission from Rio to the Nutley Ground
Station is given in Table 1-7. Ground sta-
tion received signal power and total noise

density are calculated in the same manner
as for television transmission with a change

in bandwidths and transponder power out-
put for the narrowband mode. The link

margin for telephony is determined by both
the allowable thermal noise limit in any
channel and the breaking threshold of the

demodulator, since both typically occur at
the same carrier-to-noise ratio.

For the Nutley ground station the thermal
noise requirement for the worst channel is
a maximum of 50,000 psophometrically
weighted picowatts referred to zero relative
level. The ratio of test tone to psophomet-
rically weighted noise power in the top chan-
nel for an FDM/FM system is given by

S,_:__ 10° 2,_F_=

=.-
where
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TABLE 1-6.--System Performance for Television Transmission

Transmitting station

Andover .......................

Andover .......................

Andover .......................

Goonhflly ......................
Pleumeur-Bodou ................

Nutley Test ....................

Mojave ........................

NOTE:

Receiving
station

Goonhilly ....................
Pleumeuer-Bodou ............

Fucino ......................
Andover .....................

Andover .....................

Nutley Test ..................

Mojave ......................

Range
nautical miles

5OOO

5OOO

35OO
5OOO

5OOO

3OOO
25OO

1. The margin indicated is a breaking margin only, not a performance margin.
2. Elevation angle is 7.5 degrees above horizon.

Quality
video

weighted, db

49.2

52.3

41.7
51.9
52.3

42.0
42.6

Quality
audio

(db)

58.0

61.1

50.5
60.7

61.1

50.8

51.4

Margin
(db)

7.1
10.0

--0.4
9.6

10.0

--0.3

0.3

TABLE 1-7.--Narrowband Telephony Power Budget
Rio to Nutley Ground Station

Ground-spacecraft Spacecraft-ground

Nominal + --

Frequency, Mc ........ 1725 ...........

Transmitter power,

dbr 70.0 0.0 0.0

Dip]exer and cable loss,

db ................. 0.5 0.0 0.0

Transmitter antenna

gain, db ........... 40.2 1.0 1.0

Space loss, db ......... 176.5 0.0 0.0

Ellipticity loss, db ..... 1.0 0.0 0.5

Receiver antenna gain,
db ......... -1.0 1.0 6.0

Received signal power,

dbm ............... --68.8 2.5 7.0

Receiver noise density,

dbm/Mc ............ -I00.0 1.0 0.5

Up-link noise contribu-

tion, db ....................................

Receiver noise band-

width, Mc .......... 2.3 ...........

Total receiver noise

power, dbm ......... - 96.4 1.0 0.5

Predetection S/N, db.. 27.6 [ 3.0 8.0

Threshold, db ......... 12.0 i..... ['----
Margin, db ............ 15.6 : 3.0 8.0

Nomina

4170 .....

36.C 1.5

1.C 0.0

0.C 12.0

184.') 0.0

1 .(J 0.5

49.3 0.8

-- 100._ 14.3

-112.2 0.0

0.4 0.3

1.3 .....

- 110.7 0.3

9.8 15.2

7.0 .....

2.8 15.2

Range: 50(}0 nautical miles
Elevation: 7.5 degrees
Baseband frequency limits: 12-60 kc
Down-link frequency deviation: 88,8 ke RMS/channel for 0 dbm0

teat tone at 800 cps
CCIR/CCITT pre-emphasis

Thermal noise performance: 50,000 pw (psoph) per channel at zero
relative level

Fdrma

F2 --

N --

RMS deviation due to a 800 cps
test tone

Highest channel frequency, cps
Frequency multiplication in
transponder

If Fdrms is caused by a 0 dbm0 test tone, the

noise power in the worst channel can be

expressed in psophometrically weighted pico-

watts referred to zero relative level as

Np w --
10o.25 2Fdr_a I

where I is the improvement factor due to pre-
emphasis. From this expression, the relation
between received carrier power and worst
channel noise power is obtained:

2 _v ¢_] 100"5 Farms IS: +S-_g = 3.1F_ X 10 TM N,_

For Group A transmission we have F2 -- 60

kc, Farm, -- 88.8 kc, and I -- 2.4 as given by

GSFC/STL Document No. R1:0000. Sub-

stituting these values into the above equation

with Np,_ -- 50,000 we find the threshold

value of noise density-to-carrier power ratio.

This is

_g
[N 2 (_) + (S-_g)]T = 153 X 103- rad2/Mc

-- --8.1 db/Mc

Returning to the power budget we have

(I,o [1+N2(4,_ Sg)]

-- --112.2-{-0.4+ 100.9
-- --10.9db/Mc

for nominal system parameter values. The



THE RELAY SYSTEM 19

nominal performance margin is thus --8.1

--(10.9) = +2.8 db. The difference between

this performance margin and the predetec-

tion S/N is 7.0 db, the demodulator threshold.

The margin is thus both a performance and

a breaking margin. Note that it is possible

in bad weather on a pass with an unfavorable

spacecraft look angle to be as much as 12.4

db below threshold.

TABLE 1-9.--Sys_em Performance for I_ Channel
Telephony. Group B

Transmitting
station

Andover .......

Andover .......

Aodover .......

Goonhilly ......

Pleumeur-

Bodou .......

Receiving
station

Goonhilly ....

Pleumeur-

Bodou ......

Fuoino .......

Andover ......

Andover ......

Range
(nml

50OO

5O0O

5000

5O00

5000

Thermal noise MarKi
pw (peoph. wtd.) (db] n

7,580 11.3

7,5OO 15.1

S0,000 0.1

7,500 15.0

7,500 1_,1

TABLE 1-8.--System Performance for 1_ Channel
Telephony, Group A

Transmitting Receiving
station station

Nutley ........

Nutley ........

Nutley ........

Goonhilly ......

Goonhil/y ......

Rio ...........

Rio ...........

Rio ...........

Range
(nm)

Goonhilly .... 5000

Rio ..........

Nutley ....... 5000

Nutley ....... 5000

Rio .......... _ 5000

Nutley ....... 50_

Goonhilly .... 5000

Fuctno ....... 5000

Thermal noise Margin
pw (imoph. wtd.) (db)

7,500 1.9

60,000 I.I

50,000 2.1

50,000 2.7

50,000 1.5

50,000 2.8

7,500 3.9

50,000 3.7

NOTES: 1. The margin indicated is both a performance and a breaking

margin except for Goonhilly receiving, which is performance only.
2. Elevation angle is 7.5 ° above horizon.

In Table 1-8 the expected performance for

12 channel Group A transmission for each

Relay participant is presented. Tables 1-9

and 1-10 extend the performance calcula-

tions to 12 channel Group B and 300 channel

modes, respectively.

NOTES: 1. The margin indicated is both a performance and a breaking
margin, except for Fucino which is breaking only.

2. Elevation angle is 7.b ° above horizon.

TABLE 1-10.--System Porformance /or $00 Channel
Telephony

Transmitting Receiving
station station

Andover .......

Andover .......

Goonhilly ......

Pleumeur-

Bodou .......

Goonhilly .... 5000

Pleumeur-

Bodou ..... 5000

Andover ..... 5000

Andover ..... 5000

Thermalno_ Matin
pw(psoph, w_.) (d_

18,7_ 5.9

18,7_ 9.0

18,7_ 9.0

18,7_ 9.0

NOTES: 1. The margin indicated is both a performance and a breaking
m_rgin.

2. Elevation angle is 7._ ° above horizon,

AUTHORS. This chapter was written by

B. N. ABRAMSON, W. LITTENBERG, M. R.

SKINNER, and C. M. THOMAS of Space Tech-

nology Laboratories, Inc., Redondo Beach,
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1302 wi_h NASA/Goddard Space Flight

Center.
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The Relay Spacecraft

Chapter 2

INTRODUCTION

Occasionally the horizon of man is bright-
ened and widened by the contributions of
the scientific and engineering community.
Communications satellites, when peacefully

used, can be a boon to mankind by further-
ing international understanding through
greater speed and capacity of transoceanic
communications. Relay I and her sister sat-
ellites have contributed significantly to this
end. The Telstars, Syncoms, and Relays have
all had their own noteworthy "firsts" in

communications progress, but of more ira-
portance, they have laid the groundwork for
an embryonic technology. Today this tech-
nology is "Thursday's Child"--it has far to
go. With intelligent direction, it will achieve
the desired goals.

The credit for our present position is due
to many governments, companies and per-

sons; so many that they must go unnamed.
To each of them we sincerely say--It was an

honor t ° have workedbY your side.

DELTA15 LIFTOFF
2330 GMT 13 DECEMBER1962 I

GENERAL

The Relay I spacecraft was built for
NASA/GSFC by the Astro-Electronics Divi-

sion of the Radio Corporation of America.
After contract award in May of 1961, RCA
embarked upon a six week study phase dur-
ing which time changes were made and addi-
tional details were resolved between RCA

and GSFC. The process of building, testing,

redesign, and retesting followed. In Decem-
ber 1962 this effort was culminated in the

successful launch of the final design--Relay

I. Figure 2-1 illustrates that awesome too-
merit of truth that we had worked for so

long, when no further redesign was possible.
The details of this story are told in other

chapters in Part I.

,j_e--------. m

21

FIGURE 2-1.--Delta 15 launch.
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THE SPACECRAFT

Structure

The size of the envelope of the spacecraft
was dictated by the low drag nose fairing
of the Delta launch vehicle. This has re-

sulted in an eight sided prism with a maxi-
mum diameter of 29 inches and a height of
19 inches, topped by an octagonal truncated
pyramid 16 inches high. The 18 inch long,
mast-like structure mounted on its narrow

end is the transmitting and receiving an-

tenn_ assembly for the microwave commu-
nications experiments. A photograph of the
spacecraft and a cutaway drawing detailing
the various subsystems are shown in Figures
2-2 and 2-3. The structure is fabricated of

riveted sections of lightweight aluminum
channels. Panels for support of the solar

cells are epoxy-bonded, aluminum-honeycomb
construction. Attachment to the launch vehi-

cle third stage is by means of a machined
aluminum attachment ring.

Power Subsystem

The power supply consists of a solar cell
array, hermetically sealed nickel-cadmium
storage batteries, charge-controlling elec-
tronics, and a 1-year timing device. The
solar cells are boron-doped silicon cells, P/N,

gridded and covered with 60 mil thick fused
sheets. The cover sheets provide protection
from energetic particles in space. Every

possible square inch of the spacecraft ex-

FmURE 2-2.--The Relay spacecraft.
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1. WIDE-BAND ANTENNA
2. SOLAR PANELS
3. TELEMETRY TRANSMITTERS

4. BATTERY CHARGE CONTROLLER
5. BATTERY BOX
6. RADIATION DAMAGE PANEL
7. SOLAR ASPECT INDICATCXR &

HORIZON SCANNER
8. COMMAND CONTROL
9. RADIATION DETECTOR

10. RADIATION MONITOR (HIDDEN)
II. TT&C ANTENNA

12. THERMAL CONTROLLER
13. TWT POWER SUPPLY (HIDDEN)
14. HEAT CONTROLLER
15. COMMAND RECEIVERS
16. BATTERYBOX
17. WIDE-BAND RECEIVERS
18. COMMAND DECODERS

19. TRAVELING WAVE TUBE

FIGURE 2-3.--Cutaway drawing of Relay spacecraft.

terior is covered with solar celIs to provide
the power necessary for operating the space-
craft. When the communications system is
in operation, the power requirement IS about
120 watts. Under typical operating condi-

tions, the soIar array is capable of generat-
ing an average power of 40 watts. The
remaining power is provided by a 250 watt-
hour storage-battery. Battery depth of

discharge is not permitted to exceed 50
percent except during special experiments
with the spacecraft.

Telemetry, Tracking and Command Equipment

The telemetry, tracking and command sub-
system provides three basic functions in the
spacecraft:

1. A VHF cw signal, from which the Mini-
track stations provide orbital data.

2. Telemetry of performance data from
the communication system and the radiation
experiments.

3. A command system, which receives the
commands and converts them into a desired

switching functioi_.

The telemetry transmitters can be switched
on and off by means of the command system.

-7,. - ! -. ._ -_:_ _ - :- '- _ ..-
Operationally, one c)_t_n_ transmitters is left

on continuously to provide the tracking sig-
nal. The Minitrack ground stations utilize
this signal to track the satellite and provide
orbital measurements. The alternate trans-

mitter is commanded on when telemetry or
horizon scanner data are desired. A modu-
lation switch selects the transmitters to be
modulated and the source of modulation

(telemetry encoder or horizon scanner sub-
carrier oscillator). This switch is under the

control of the command system.
The transmitters are crystal controlled,

solid state, and are phase-shift keyed by the
modulating signals. In the event of a failure
of one transmitter the other would provide
both tracking and telemetry signals.

The telemetry encoder accepts digital,
high and low level analog data inputs for
conversion to a PCM format for transmis-

sion. The main commutator provides 128
channels which are sampled each second.
Two subcommutators are provided, one, a

32 channel unit and the other, a 64 channel
subcommutator. Three of the main channels

are used for frame synchronization.
The command system consists of a redun-
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dant set of command receivers, subcarrier

demodulators, and decoders. A pulse width-
modulated subcarrier is transmitted via a
VHF carrier to the command receivers which

demodulate the carrier and send the sub-
carrier to the subcarrier demodulators where

the pulse code is reconstituted. The code
output is then fed to both decoders through
a cross coupling network in such a fashion
that either demodulator can activate either

decoder. Thus, in the event of failure of re-

ceiver No. 1, subcarrier demodulator No. 1,
and decoder No. 2, the command system will
still function. The decoder uses a magnetic
core shift register to transform the pulse
code into a command signal. The command

signals from the two decoders are "paral-
leled" so that either or both decoders can

activate the control function. Twenty sepa-
rate commands are provided to switch the
spacecraft into its various modes of opera-
tion.

The VHF antenna comprises four mono-
poles extending out from the separation ring

face of the spacecraft. For command recep-
tion, the antennas are fed in phase to produce
a dipole-like pattern. For telemetry and
tracking transmission, the monopoles are
fed in phase quadrature to produce a circu-
larly polarized wave in the plane perpendicu-
lar to the spin axis. A diplexer harness is
used to couple the two receivers and two
transmitters to the antennas.

Microwave Communication Equipment

The purpose of this system is to provide
an experimental repeater suitable for trans-

mission of one TV signal (plus its sound
channel) or 600 one-way voice channels; or
of high-speed data, facsimile, or teletype
traffic with bandwidths of up to 4 mega-

cycles. Two-way telephony transmission tests
through the repeater can be made, using 12
channels in each direction. (This number is
determined by the available ground-station
equipment, rather than a limitation of the
satellite repeater, which can handle several
times this number.)

Two completely independent microwave

repeaters (except for the common antenna)
are provided for increased reliability. Either
one may be selected for operation by ground
command.

The basic performance requirements of the

satellite repeaters are similar to those used
for conventional ground-based microwave
links, so far as power output, bandwidth,
gain, noise figure, and intermodulation are
concerned. There are radical differences,
however, in the size, weight, and power
drain.

The system parameters were initially
chosen to meet international (CCIR) stand-

ards (for a 2500-km reference circuit) be-
tween Europe and the United States. The
sound channel is transmitted by frequency-
modulating a 4.5-Mc subcarrier, which is
added to the video signal, and the combina-
tion is then used to frequency-modulate the
ground transmitter.

The satellite transmitter output power of
10 watts gives a margin of at least 6 db for
TV transmission over a maximum slant

range of 5000 nautical miles.
The receiver is completely solid state,

using separate crystal-controlled transistor
oscillators and varactor multipliers for both

the input and output oscillator sources. In-
corporated in the repeater is a microwave
beacon which is used for tracking by the
ground communications stations. The beacon
is a completely self-contained unit with a
crystal-controlled transistor oscillator and
varactor multipliers. The receiver and bea-

con outputs are combined and fed to a travel-
ing wave tube for amplification to 10 watts
power output. The microwave beacon signal
at 4080 megacycles, as amplified by the
traveling wave tube, has a radiated power
out of the antenna of more than 100 milli-

watts.
The traveling wave tube has been designed

for long llfe, light weight, and high efficiency.
A solid-state dc-dc converter is used to raise

the 22.5 volts regulated input to the high
voltages needed by the traveling wave tube.

The microwave antenna receives at 1725
Mc and transmits at 4170 Mc. It is contained
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in one mechanical assembly, consisting of a
coaxial receiving antenna above a coaxial
transmitting antenna. The whole assembly
is located on top of the spacecraft, coincident
with the spin axis. Both antennas are cir-
cularly polarized but of opposite sense. Ver-
tical coverage extends from 40 toll5 degrees

(--1 db points).
Figure 2-4 shows the general configuration

of the Relay communications transponder.
The incoming 1725 Mc signal is translated
to a 70 Mc intermediate frequency where
most of the amplification is accomplished,

frequency tripled, and then translated up to
4170 Mc for power amplification and re-
transmission.

The reasons for tripling the signal are that
with 10 watts RF power output, the required
bandwidth for the spacecraft-to-ground link
is 25 Mc. Available high power klystron
amplifiers with 25 Mc bandwidths were not
available for the ground-to-spacecraft link
during the time schedule required for the

Relay Project. The required down-link de-
viation was divided by three, which yielded

a 14 Mc bandwidth occupancy for the up-link
signal. This was an achievable bandwidth
for the state of the klystron art at that time.

Two modes of operation are available with
the transponder. The first mode or wide-
band mode, as it is called, is utilized for
one-way wideband communications such as
television or 300 channels of telephony.

The second mode available is called the
narrowband mode. This is utilized for two-

way narrowband communications such as 12

WIDE-BANDRECEIVER,BLOCKDIAGRAM

% I I ......_, ,,- ,:_, .... s. ] [;,] l"""°....

l_ac l,lnf _ ......... ,,_ c _*urr-i,

........ I l"'t*_a'g'"t

FIGURE 2-4.--Wideband receiver block diagram.
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channel two-way telephony. In the narrow-
band mode, two ground stations communi-
cate with each other, one transmitting on

1723.33 Mc, the other transmitting on
1726.67 Mc. The spacecraft transponder
converts these frequencies to 4165 Mc and
4175 Mc respectively.

In the two-way telephony mode, the incom-
ing signals from two communicating ground
stations are separated after intermediate

frequency amplification and then clipped to
the same level by hard limiting. The devia-
tion is tripled, and the two signals enter the
TWT at the same level. This prevents sup-
pression of the weaker signal by the stronger
one. This is especially important when the

spacecraft is much closer to one of the ground
stations than to the other, and the antenna

look angles to both stations are sufficiently
different so that even controlling the trans-

mitted power a_ the ground stations would
not equalize the received power levels. This
feature of the transponder has been highly
successful in operations conducted with Re-

lay I.
Two approaches were investigated for the

tripler design, one using varactors, the other
using transistors. The advantage of a var-
actor design, that no dc input power is re-
quired, was offset by the disadvantage of an
extremely difficult tuning procedure, and that
the units were not easily reproducible. The
varactor design was used during the proto-
tyPe:period but was then abandoned in favor
of the transistor version which was much

easier to tune and reproduce.

The IF amplifier design proved to be more
difficult than originally anticipated. The first

design utilized triple-stagger-tuned stages
which were necessary to achieve the required

bandwidth. During electrical testing, how-
ever, it was found that the crosstalk for
multichannel telephony was excessive. This
was caused by AM to PM conversion on the

passband skirts of the individual stages.
The solution to this problem was to build a
broadband video amplifier and then limit the

bandwidth with a passive 70 Mc bandpass
filter. Performance of this design was most
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satisfactory, and it was selected for use.
The traveling wave tube development was

well under way when short term (millisec-
ond) fluctuations were noticed in the power
output of some of the tubes when they were
operated in vacuum. Also there was an occa-
sional helix current runaway on a tube in

vacuum; the tubes operated in a normal
manner at atmospheric pressure. Yet the
vacuum anomalies were not repeatable. At
first the power fluctuations were thought to
be defective RF cables leading to the vacuum
chamber. At times it appeared that tighten-
ing the connectors cured the problem. Helix
current runaway also was not always re-

peatable. At this point a very serious design
problem was evident. The TWT design would
work at sea level conditions but not in the

high vacuum of space. Innumerable design
modifications were tried; some seemed to
work temporarily and then when the prob-
lems appeared to be solved, they reappeared.
This caused delays in the launch schedule
and it was finally decided to seal the TWT
in a container pressurized at one atmosphere.
The pressurized TWT models would be used
in the first flight spacecraft, and the problem
would be further pursued in hopes of pro-
ducing an unpressurized TWT for the re-
maining two spacecraft. This was done, and
the presently orbiting Relay spacecraft con-

tains pressurized tubes. These are function-
ing normally and have shown no indication
of instability.

The continuing design effort on the TWT
has finally yielded a design that will perform
just as well in vacuum as in air. Helix cur-

rent runaway was found to be caused by
insufficient thermal sinking of the helix. In
air, there was enough convection cooling of
the helix area of the bulb that runaway did

not take place. The thermal design was
modified to provide adequate removal of heat
from the helix.

The resolution of the power fluctuation
problem was simple but took many months
to perfect. The potential difference between
the helix and collector is about 1000 volts,

which creates a region of high electrical field

in this area of the bulb. Local outgassing
was ionized by the field and would occasion-
ally break down, momentarily reducing

power output. The answer to this problem
was to apply thin lines of silver paint directly
on the exterior of the bulb between the area
of the end of the helix and the be_nning of

the collector. The lines were electrically
connected to the collector. They served to
provide a low impedance leakage path which
eliminated the high field in this area. This

design has performed very well in all tests
and will be used in the next Relay spacecraft.

Radiation Experiments

In addition to the communications repeat-

ers and other subsystems needed to support
the principal mission of Relay, the spacecraft

carries a group of components to obtain data
on particle radiation in space. These consist
of six radiation detectors and a collection of
isolated solar cells and semi-conductor diodes.
The latter are accumulated on a "radiation

damage effects" panel.
The radiation detectors are included to

monitor proton and electron spectra by meas-
uring flux density in various domains of in-
tensity levels. Two of them are scintillation
counters; four are PN junctions. One of the
detectors is omnidirectional; the others are
restricted to a small solid angle and are

gated by an on-board magnetometer to meas-
ure only that flux normal to the earth's mag-
netic field. Accumulators in the telemetry
encoder count and store the detectors' out-

puts. One hundred of the 128 telemetry
channels are reserved for high-speed meas-
urements of the outputs of the short-circuited
cells. Thirty specially selected solar cells
make up the radiation damage panel. Effects
of radiation are observed by measuring short
circuit current. The radiation damage panel
contains, in addition to the solar cells, six
selected diodes that are used to measure

minority-carrier lifetime as affected by radi-
ation.

Miscellaneous Equipment

In order to reduce the limits of tempera-
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ture variation in the spacecraft, a thermally

controlled radial vane assembly is located

in the base of the spacecraft, it is operated

by a temperature sensor connected to the

battery assembly. When the batteries are

warm the vanes open; as the battery tem-

perature decreases the vanes close. In this

manner the thermal radiation coupling to

space is varied. This simple form of active

temperature control reduces the mean space-
craft variation 5 degrees centigrade at each

end of the range, providing operating limits

of 0°C to _25°C.

Solar aspect and horizon transit time are

measured by detectors located in the space-

craft. The data are telemetered, and space-

craft spin axis attitude is computed on the

ground. If necessary, commands can be sent

to tilt the spin axis to a desired orientation

by applying a current to the magnetic

torquing coil.

Relay Ground Facilities

Relay ground facilities include stations for

communications experiments, test stations

for checking out the satellite in advance of

performing communications experiments and

commanding transponders on and off, and

the NASA Minitrack network for tracking

and acquiring data from the spacecraft.

The ground stations that conduct experi-
ments in intercontinental and transoceanic

communications are located at: GoonhilIy

Downs, England ; Pleumeur-Bodou, Britanny,

France; Fucino, Italy; Rio de Janeiro, Bra-

zil; and in the United States at Andover,

Maine; and Nutley, New Jersey.

The test stations check out the Relay sat-

ellite, including operation of the communica-

27

tions transponder, prior to the start of

communications experiments. They select

the transponder and the mode for the type

of transmissions scheduled, and turn the

transponder off when the experiment is con-

cluded. If the satellite is out of range of the

test station, an automatic timer will turn

the equipment off two minutes after space-

craft illumination ceases, to conserve the

satellite's power supply. The test stations

are located at Nutley, New Jersey and Mo-

jave, California.
NASA's world-wlde Minitrack network

periodically tracks the satellite and acquires

data on performance and condition of equip-

ment and on radiation levels in space.
All stations transmit information for

processing and dissemination to NASA's

Goddard Space Flight Center, Greenbelt,

Maryland.

SUMMARY

We have thus seen the Relay spacecraft

as an integrated system, comprising major

interrelated subsystems including: struc-

ture ; power ; communications ; telemetry,

tracking and command. A short description

of the radiation experiments carried on

board has also been given.

Chapters that follow will provide details

of the subsystems described.

It is gratifying to note that solutions to

the design problems encountered has resulted

in a spacecraft system which'has been in

active operation for almost two years and

gives every sign of continuing indefinitely.

AUTHOR. This chapter was contributed by
R. H. PICKARD, NASA/Goddard Space Flight

Center, Greenbelt, Maryland, U.S.A.
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Structural and Dynamic Considerations
in the Spacecraft Design

INTRODUCTION

*:__a_: size,:weight: an_de_ap_ 0ft!_R-_layI
spacecruft_ _-were _dn'_r6l[ed_:by f_ or[6_a_d

constraints res_ltin_o_ analysls Of mis-
sion requirements and project specifications.
In particular, the relevant parameters in-

cluded a weight limit imposed by the re-
quired altitude and the capacity of the]aunch
vehicle, stabilization by spin momentum with
its corollary limit on inertia distribution,
and the surface area needed for solar power.
The final configuration accommodated these
requirements. The use of a shroud of fixed
dimensions led to extensive topological con-
siderations to satisfy the maximized surface
area and the inertia ratio necessary for spin

stabilization. Other general specifications
included relatively severe vibration testing,
especially the 10.7 g sine wave input in the
50-500 cps range, the axial, transverse, and
torsional loads from the booster, and the
eccentricity and dynamic balance limits.
Adequate strength and stiffness were pro-
vided to meet these loads within the con-

straints of an ultra-light structural design.
The structural weight target was 10 percent
of the spacecraft total.

. During qualification testing it was found
that the wideband receiver and the telemetry
encoder experienced vibrational forces which
these components could not withstand. A

unique coulomb damper was developed which

reduced the forces applied to levels compat-
ible with the capabilities of these compo-

nents. The development of the damper is
described in detail on page 39.

. CONFIGURATION

The configuration of the Relay I space-
craft (see Figures 3-1 and 2-3) had to
satisfy the following primary conditions:
(1) spin stabilization, (2) compatibility with

an existing fairing, and (3) maximized sur-
face area. The first condition, basic control

of spin axis attitude in inertial space, re-
quired the mass distribution to be that of a
disc, regardless of the external shape of the
payload. Dynamically, the ratio of the mass
moment of inertia about any transverse axis
to the maximum inertia about the spin axis

must be less than one; that is, L .... /I_,_
1, or L .... < Lp_,. Control of this param-

eter was a stringent requirement since any
unbalanced moment at separation or dynamic
unbalance would eventually lead to tumbling,
preventing the necessary orientation of the
directional antennas.

Achieving a component arrangement that
would r_sult in the required inertia condition
was a major problem because of the limita-
tion of the second condition ; that is, the max-
imum diameter of the fairing was fixed.

After calculating the inertia ratios for sev-
eral layouts, it was found that the required

29
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FmURE 3-1.--The Relay spacecraft.

inertia condition was achieved by a basic
cruciform structure of four vertical elements

supporting most of the components and an

equatorial belt or ring formed by the four

heaviest components (see Figure 3-2). The

combined weight of the two battery packs,

the wide-band receiver, and the telemetry

encoder was approximately 50 pounds. Each

of these components was mounted in or on

beam structures which bridged two adjacent

cruciform elements to form the equatorial

ring. Longitudinally, these assemblies were

placed in the plane of the center-of-gravity.

Since the final weight and center-of-grav-

ity location of the individual components

were uncertain, it was decided that the

It ..... /I_p_, inertia ratio should not exceed a

design goal of 0.95. This 5-percent margin

was arbitrarily allowed to ensure that the

theoretical limit for the inertia ratio (1.00)

would not be exceeded. A bifilar pendulum

with a demonstrated accuracy of 0.3 percent
minimum was utilized to measure the inertia

ratio of Relay I. The measured value for

FIGURE 3-2.--Structure of Relay spacecraft.

I, ...... /l_p,_ was 0.963. The high accuracy and

consistency of the pendulum measurements
gave confidence in this value.

The third primary condition, that of max-

imized surface area, was defined as a max-
imum in terms of the surface area for

mounting silicon solar cells to support a

given power requirement, but not necessarily

in terms of total area. Relay I was not

basically a power-limited design; that is, the
balance of limitations was well established

among such items as power, temperature-rise

of the traveling wave tube, altitude, weight,

and mutual-visibility time. However, power

duty-cycle requirements necessitated exten-

sive design attempts to attain sufficient solar-

cell mounting area within the fixed values of

diameter and inertia ratio. Finally, the geo-

metric and electrical arrangement of the
solar cells was established and this criterion

determined the number of paneIs, (eight),

and the panel length necessary to provide

the required solar-array area. Later it was

found that a slight increase of solar-array
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area could be provided by extending the
length of the solar array panels. This did not
violate the dynamic stability criterion of the
limiting inertia ratio.

The finaI configuration was an eight-sided
polyhedron consisting of a short cylindrical
section surmounted by a truncated conical
section (see Figure 3-1). The essentially
cylindrical wideband antenna was mounted
at the top of the spacecraft (as viewed in
the launching position) co-linearly with the
spin axis. The four narrowband antennas

were attached to a collar just above the sep-
aration ring and projected downward at an
angle of 45 degrees to the axis. The ends of
the polyhedron were closed with Myiar §beets
painted for proper thermal emissivity and at-
tached by nylon zippers. The planned in-
orbit orientation of the spacecraft was such
that the heat to be dissipated could be radi-
ated to outer space through the lower (larg-

er) end. To reduce the range of temperature
fluctuation within the spacecraft, an adjust-
able-vane heat controller was installed just
above this lower closure.

LOAD ANALYSIS

The basic load-carrying structure was a
vertical, four-element truss (see Figure 3-3).
The majority of the component boxes were
bolted to this truss or frame. Tubular rings
encircling the truss were attached at the
upper and lower corners of each quarter-
frame to position the frames and to provide
support for other components. The eight
solor panels were attached in tension to the
upper ring, the attachments between the
panels and the lower ring being designed to
support lateral loads only. This arrangement
was designed to avoid column loading in the

panel substrate. A bending moment was
developed in the panel due to the geometric
impossibility of reacting the load vector
through the vertical centroid of the substrate.
One panel supporting a sensor and four other
panels containing irregular holes unsymmet-
rically located, contributed to the lack of
symmetry in load distribution. Other com-
ponents, such as the precession damper, atti-

FIGURE 3-3.--Basic load carrying structure.

rude coil, lower collar, and antennas, were
mounted as functional requirements dictated.
Essentially all loads were supported by the
frame as shear loading into the flanges, and
compression in the webs of the members
above H, H', J and J' (see Figure 3--4). The
latter four members then supported the total
load in compression and shear from the sep-
aration ring and the third-stage interface.

The vibratory forces required by the spe-

cified qualification tests defined the most
severe stresses the structure would have to
withstand. Evaluation of the effects of these

required inputs in conjunction with the con-
stant accelerations led to the choice of the

following equivalent design load factors (see
Figure 3-5) :

Vertical: n_ = 30 g
Radial: n, : 10 g
Lateral: n_ : n_ -- 5 g

Tangential: nt : 3 g

The several loads applied to the structure
according to the direction of the input were
found by taking the vectorial (nW), where
W was the weight of the.individuaI compo-
nent. Calculations for the applied loads, the
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FIGURE 3-4.--Spacecraft loading.

TABLE 3-1.--Summary of Loads and Margin Safety
/or Basic Design Conditions

Truss

member

A,A t

B,B'

C,C'
D,D'

Conditions Allowable load

Pt#

L/p Ten- p_ Margin

sion ] Comp]3f safety

(lb) (lb) ]

15.22 6096 1530 ........

23.66 ...... i 1460 +14.43

49.53 ...... 1429 ......

49.53 ...... 1429 + 5.11

--555 + 258 Neg, 54.57 ...... 1403 -I- 1.53

............ 15.22 ...... 1530 ........

-k 73 __" 340 +145 I 24.05 ...... 1505 4- 3.43

--460 4- 267 I Neg. ] 33.49 5096 1486 -{- 2.23

--549 + 1092 Neg. [ 31,71 8757 4652 + 3.26

+ 0.96

A- 1,89

30g 5.0g 10g

vertical side radial

loading loading loading

(lb) (lb) (Ib)

+395 ........ + 151

+ 50 4- 234 Neg,

n,n p

F,F'

G,G'

H,II'

J,J'

Lower central fitting arm ................................

Lower central fitting AN-4 bolt ..........................

b't_ = 48,000 psi

Symbols used are as defined in MIL Handbook No. 5,

Y

Njf3e_ N_=:L 5g

Nr=l_

I,=109

N,=± 5g N,=I_

N,=30g N,=30g

Y

AI .t A VIEW A-A

VIEW LOOKING DOWN

FIGURE 3-5.--Equivalent design load factors.

Thm,E 3-2.--Crippling AUowable Stress .025 Channel +
Plate

Members A thru I)

Item
No. of
items

2

2

2
1

Edge_

b___t[ bit_ f_r_ee_

I
0.5oo .0321..... I i

.7875.025131.501 i

:+aio:o2;laO:S I o

Stress

Ajc± _ Fo:....

.06400[ *4,750

.03630[ 4,750

.01080] 50,800

.01590 t 32,600

Load
P_

3O4
172

549

518

Total 0.12700 1543

Load

F,,. + Area + 12,150 psi

Symbols used are as defined in MIL Handbook No. 5.

*Adjusted to F¢_ _

TABLE 3-3.--Crippling Allowable Stress .050 Channel +
.032 Plate

(Member J)

No. ot
Item items

l 2
2 2

3 2

4 I

b

.50

.875:

.936

t b/t

.032 15.6

.05(] 17.5

R/t R/t
----5=5

.050 18.7

Edge_ [ Stress Load

free [ Area F_ P_

1 .06400[*18,000 1,152

.05750 t 18,000 1,035

_ 1 .04414[ 47,700 2,105

I

0 .01680[ 43,000 722

Total 0.18244 5,014 °

crippling stresses, and the margins of safety

based on ultimate strength are summarized

in Tables 3-1, 3-2, and 3-3. See the following

illustration for identification of items refer-

Load
Fc_ = -- = 27,485 psi

Area

Symbols used are as defined in MIL Handbook No. 5.

*Adjusted to Fcc 2
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enced. Margins of safety for elements where
stiffness was critical were based on the yield
strength.

STRUCTURALDESIGN

The essential details of the basic structure

are shown in Figure 3-6. The frame sub-

_= RIVET ATTACHMENT

r_- _ OF RIVET

.o3_ ;" T.468

SVM t

,F
8

"-J .050

MATERIAL AL. ALLOY
2024-T4

assembly is composed of two cap sheets riv-
eted to a formed channel. Flush-head rivets

were used to permit complete utilization of
available component mounting area for op-
timum thermal conduction. For accuracy of
fit, and to provide adequate rivet bearing
area, the sheets and channels were dimpled

at assembly. The gap between the sheet sur-
facel ahd _he rivet head was held between
-b0.000 and --0.005. Finishing after assem-

bly was not permitted.
As shown in Figures 3-7 and 3-8, the four

quarter-frames were bolted to the central
fittings to establish the cruciform configura-
tion. The upper and lower rings (see Fig-
ures 3-9 and 3-10) provided the required
angular location, rigidity, and mounting lo-
cations for the solar panels. The upper and
lower central fittings as well as the separa-

tion ring (see Figure 3-11) were machined
from solid stock. The upper fitting provided
a pilot for centering the wideband antenna.
The original structural design of the lower
fitting was modified by increasing the wall
thickness to enable it to serve as a heat sink

for the traveling wave tube, thus eliminating
the need for a dead-weight heat sink. The

Fi(_nE:3'_._Detai]s of basic structure.
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upper and lower rings were of formed alu-

minum tubing cut into four quadrants and

epoxy-bonded into sleeve fittings for attach-

$_-CTIONA-A

FIGURE3-7.--Upper central fitting.

ment to the frame by bolts. The bonding

method of fabrication proved superior to

welding in regard to strength and accuracy

of shape. In addition, the fixtures used for

bonding were less expensive than those re-

quired for welding.

The solar-panel substrate was an all-alu-

minum sandwich composed of a honeycomb

core of quarter-inch cells of 0.001 inch, 5052

alloy, which was epoxy-bonded to faces of

5052 alloy 0.003 inch thick (see Figure

3-12). The bend between the two planar

portions was formed by crushing, then filling

the deformed cells with epoxy adhesive to

provide the required shear strength. A dou-

bler sheet was applied on the inside face
across the bend line to increase stiffness. All

panel support brackets were attached by

bonding. The bare substrate weighed 0.0022

lb/in2, and the final panel assembly complete

with cells, covers, and wiring weighed

/
/

/

\
\

\

\
I, I

/
B /

/

A--

SECTION B-B

FIGURE 3-8.--Lower central fitting.

SECTION A-A
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w

FIGURE 3-10.--Lower ring.

FIGURE 3-9.--Upper ring.

}

[]

SECTION _AA _

FIGUR_ 3-11.--Separation ring.
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i

I
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FIGURE 3-12.--Solar panel substrate.

i_ ._ •

0.0125 Ib/ine, for a ratio of about 6 to 1.

The panels were treated as vertical loads

through the upper ring to the frame.

WEIGHT CONSIDERATIONS

The initial structural weight allotment for

Relay I was 11.25 pounds, or 9 percent of the
estimated total. Structure was defined as

that material which was present solely for

the purpose of carrying a load. The only

exception was the lower central fitting which

also acted as a heat sink. Mounting brackets

were not included in this definition. Increases

in component weight and number during the

course of the project forced the structural

weight up to a final value of 18.94 pounds.

This was 11 percent of the 172-pound total

spacecraft weight. Since the majority of

spacecraft are designed with a structural

weight in the range of 15 to 30 percent of

the total, the Relay I structure is, by corn-

parison an extremely lightweight design.

The design effort to minimize spacecraft

weight took a number of forms. Calculations

of required material sizes for all load-bearing
members were based on the lower limit of

acceptable margins of safety. Weight was

then increased only when necessary to ac-

commodate deficiencies indicated by test re-

sults. A specific example was the addition of
doublers in truss member "J" when it was

found that static loading of that member, as

initially designed, produced stresses close to

the yield point. Since the mounting bolts and

other hardware constituted two percent of

the total spacecraft weight, and, since the

use of non-magnetic material was specified,
aluminum bolts were used in almost all cases.

Only where the anticipated load exceeded the
practical load limits of aluminum was stain-

less steel used. As another example of weight

reduction, the container for the individual
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cells of the battery pack was designed as a
double channel beam which eliminated most
of the brackets associatecI with conventional

pack design. ......

: :: SPACECRAFT DYNAMICS

Establish_ the configuration of the space-
craf_reqh_l:_ c_nsl-deratio=n-o_a number of
parametr_ _t[onships._A p_ot of inertia

ratio Versfis_s_iar celi area (see Figure 3-13)
was made to determine the limltin-g _alues
for these: design parameters: Similarly, the
allowable dynamic unbalance as related to
inertia ratio was worked out for several con-

figurations (see_F-_gure 32:14).

Spacecraft attitude in space is controlled
primarily b_;_'_prox;iding __spin momentum.
Ideally, a Spin s_abiI]zed configuration de-
signed within the Iimits menti6ned above,
and accurately injected, Would maintain its
injection attitude=_throughout the required
operational period of one year. However,
experience has shown that Small injection
errors=cahn0t be avoided and that a slow
drift of the attitude aX|S will result from

magnetic torques' :Therefore, a counter
torquing system is required. The torquing
system desi_ned for Relay I was a magnetic

tl

<

z

z
uz

O

1.4
=

1.2- J I

I I
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DESIGN REGION

•_-- J I I

.6 -- _" I
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PROJECTED AREA Ot: _OLAR CELLS
SUN ANGLE = 90_

FZaUR_ 3-13.--Inertia ratio vs. solar cell area.
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coil having a capacity of approximately 1.5

amp-turn-(meters)_ (700 turns of 32-gage
aluminum wire on a 28-inch diameter with

a: current of 0.0_ amp at 24 vdc). Counter
torque produced by current flow through the
coil will adjust the spin axis attitude at the
_ate of approximately one degree per day.

A solar aspect indicator and an Earth hori-
zon scanner provide the two angles required
to determine soacecraft attitude at any given
time. From this angular information the
amount and direction of the correctional

torque may be calculated and the proper com-
mands programmed.

The above method of attitude control re-

quires that the residual magnetic dipole
moment in the spacecraft be zero. Since this
value is rarely obtainable, the magnitude and
sign of the residual magnetic dipole moment
must be measured. The measurement must

be made with a threshold sensitivity of ap-
proximately 0.05 amp-turn-(meters)2. A
compensating magnet can then be introduced
so that, under its average operating condi-
tion, the spacecraft will produce a near zero

dipole.
A precession damper in the form of an

h = DISTANC_ BETWEEN

7O _ALANCE PLANES, I_CHES.

m = UN_IALANC1N_ MASS, OUNCES. h
65

d = DISTANC_ FROM SPIN AXIS, INCNES.

60 0 = PRECESSI_ _ATr, DEGREES/DAY.

55

5O

45

.o
35

0 .fi_ 0,90 0.9_ 0.93 0,96 0,98 1.0

JNE'R_'IA RATIO - Ii]" Is

FmURE 3-14.--Allowable dynamic unbalance for

various c0ntlg'urations.

3O

_S

10
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oil-filled toroidal tube was added to aid in

damping out spin axis precession caused by
unbalance and orbit-injection errors. Design

curves are shown in Figures 3-15 and 3-16.

8O
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, 60

5o
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l._../l,p,,, - 0.71

ISATELLITE DIPOLE MOMENT

N AMPERE TURNS - METERS 2
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FmuaE 3-15.--Spin axis declination vs. time.

ON OR61TNO. 20 _COM_JTED)
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SPIN AXIS RIGHT ASCENSION - DEGREES

FmuaE 3-16.--Spin axis precession.

MATERIALS

The primary properties required of the
structural materials were:

1. Low magnetic permeability
2. Low weight-to-strength ratio
3. Reasonable formability
4. Immediate availability.

The choice of aluminum alloys was justified
because that material met all design require-

ments adequately, and, in the final form
provided a design which constituted only 11

percent of the total spacecraft weight. High-

strength steels were ruled out for magnetic

reasons, and magnesium alloys, with a theo-
retically lower value for the weight-to-
strength ratio, were not considered practical
because of weight penalties arising from
formability and size-availability considera-
tions.

Formability and availability considerations
were controlling factors in the selection of
material for the solar-panel substrates. The
use of titanium alloys offered no appreciable
advantage because the required temperature
range was well within the capabilities of
aluminum. Furthermore, a design in titan-

ium would have greatly increased material
costs and fabrication time.

The bonded joints in the panel substrates
and in the rings were made up using an
epoxy adhesive, type M-688. Individual com-
ponents were secured to printed circuit
boards with Stycast 1095 Staking Compound.

METHODS OF FABRICATION

The decision to use a combination of rivet-

ing, bonding, and bolting for assembly of
Relay I was based on the needs for access-
ibility, multiple removals of components from
a partial assembly, and maximizing the slip-
joint damping of vibrational input energy.
While these parameters were inherently

qualitative in nature, the developmental char-

acter of much of the equipment made it ob-
vious that the first few assemblies would

have to be repeated several times. Thus, the
need for easy access arose, and, as it turned
out, the cruciform configuration was most
efficient in this respect. Its nearest competi-
tor was the base-plate configuration, but this

would have required component mounting
area, and access to inner locations wouldhave
entailed considerable difficulty.

The choice between the use of riveting or

bolting methods for a particular joint de-
pended on the relative permanence of the
joint. Riveting was used for assembling the
four quarter-frames and adhesive bonding
was used for the fabrication of solar panel

substrates and ring joints. Bolting was used
for the assembly of all other joints.
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The requirement that the spacecraft with-
stand high vibrational inputs (10.7g sine
wave) in the frequency range which included

the natural frequency of the spacecraft made
it necessary to absorb or damp out as much
of this vibrational energy as possible. This
condition required, wherever possible, the
use of a joint which would maximize the
dry-friction or coulomb damping while main-
taining adequate structural stiffness. Bolted
or riveted joints satisfy both conditions. A
comparison of damping and transmissibility

characteristics for these joints is given in
Figure 3-17. These semi-quantitative curves
indicate that an aluminum structure, having
the majority of its joints assembled by bolt-
ing and riveting methods, should produce a
transmissibflity of 10 or less at the funda-

mental frequency. This condition was true
in general for the Relay I assembly. How-

ever, high stiffness of the cruciform in the
vertical plane tended to raise the transmis-
sibility to values of 12 to 16 at some locations.
These high-level inputs degraded the per-
formance of only the wideband receivers

100:

%0 --

1.0

0.I

TYPE OF DAMPING:

RIVETED JOINT o-_.-,o

VISCOELASTIC _--_

MATERIAL, INCLUDING

WELDED JOINTS
I

°'°'o., ,.o ,o

_EOUENC¥RAT,O.r/f.

FIOURE 3-17.--Comparison of types of damping.
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and the encoder. The additional protection
required by these sensitive devices was pro-
vided by specially-designed coulomb dampers,
described in the following section.

DESIGN OF COULOMB DAMPERS

To meet the inertia ratio required by spin
stabilization, the electronic components were
physically arranged to place the component
masses at the maximum possible radius and
at the minimum displacement from the longi-

tudinal plane of the center-of-gravity; that
is, to make a short ring. The controlling
components in the effort to obtain a value
of inertia ratio of less than 0.95 were the

widebrand receiver, the encoder, and the two
battery packs. To optimize the location of
these heavy components, the local enclosure
for each was developed as a box beam to
bridge circumferentially between adjacent
elements of the cruciform.

Of these four heaviest components, how-

ever, both the receiver and encoder showed
considerable sensitivity to the high forces
developed during vibration testing. The vi-
bratory input forces at the separation ring
were multiplied some 12 to 16 times by the
transmissibility of the structural path from

the ring, up through the vertical legs of the
cruciform, and along the bridge beam. The
design of the battery packs and the nature
of the components were such that they did
not show a similar sensitivity.

Of the several vibration tests to which the

components and assemblies were subjected,

the qualification test specified the most severe
inputs. Because the first natural frequency,
or resonance, of the entire assembly as a

mass-spring system turned out to be 110 cps,
the frequency range of greatest interest was

from 50 to 500 cps with its 10.7g input.
Since the electronic design of the receiver

and encoder had been well established, it was
deemed advisable to determine the vibratory-

force capacity of the units as they existed.
Separate exploratory vibration tests of the
components indicated that they could prob-
ably survive 80 to 100g peaks. During sys-
tem test they would experience these high



4O RELAY I--PART I

inputs only as the frequency sweep passed
through their local resonance. Thus, they
would absorb relatively small amounts of
energy. Vibration tests on the components
had indicated that these resonances occurred

at approximately 150 cps and that the prob-
lem could be solved by providing a constraint
on transmissibility of the 10.7g input at the
separation ring to a value of 10 or less in
the frequency range which included both 110

and 150 cps. The design goal was a tran_-
missibility value of 3 to 5.

It had been observed during vibration tests
of the assembly that the relative stiffness of
the beams was higher than that of the cruci-
form elements, the beam motion being nearly
that of a rigid body. Therefore, one ap-
proach to solving the transmissibility prob-
lem was to increase the stiffness of the

cruciform. But a preliminary redesign of
the cruciform, with the increased stiffness

necessary to raise the resonance of the cruci-
form-beam system significantly above the
110-cps fundamental frequency, resulted in
an intolerable weight increase. Reducing the
stiffness in order to lower the resonant fre-

quency of the cruciform-beam system was
not attractive because of the enhanced po-
tential of buckling the cruciform skin at a

number of locations. The general approach
in isolating the entire satellite from the
booster by means of a spring was, of course,
invalid because: (1) tremendous displace-
ments are involved and, (2) such a spring
would impart an indefinite change to the
separation velocity. Thus, the alternatives
were reduced to the introduction of an en-

ergy-absorbing element between the booster

and payload. The four foot-blocks which
form the contact and load-carrying elements
between the separation ring and the cruci-
form were originally solid aluminum alloy
(2024-T3). Several trial sets of blocks were
made from structural plastics having high
compressive strength but low elastic modules.

Among those tested were the epoxy-bonded
glass laminates. The results of transmissi-
bility measurements made during vibration

tests indicated only minor reductions with

no discernable change in resonant frequency.
The substitution of material was made for

weight reduction and improved thermal iso-
lation of the ring.

Returning to the cruciform-beam system,
it was decided to limit the vibration ampli-

tude at the center of the beam by decreasing
its span through the introduction of a brace

or post from the beam center to the separa-
tion ring. At the same time the force input
to the beam and its electronic component was
reduced by designing the brace to be an en-
ergy-absorbing element.

The use of viscous friction as a means of

energy dissipation was denied by the project
specification which prohibited the presence
of any liquids outside of sealed containers.
Thus, coulomb, or dry-friction, damping was
the most practical means available. The di-
mensions of the physical arrangements were
such that a column brace of reasonable

slenderness (L/r) could be designed within
tolerable weight limits, although it would
increase total spacecraft weight (see Figure
3-18). In choosing the materials, the para-
mount consideration was retention of initial

friction load throughout the operating life.
This was taken as 100 times the duration of

the vibration test, or about 3 hours. As the
required friction force, or load was not pre-

cisely known, the design of the damper in-
cluded a means for adjusting this force.
Consideration of all the requirements led to

the choice of a polished, phenolic, fiberglass
rod sliding in a stainless steel tube (see Fig-
ure 3-19). The tube was longitudinally slit
in the region of the overlap.

The general design approach was based
on that of Den Hartog* and may be used

for any type of damping as long as its action
can be expressed either analytically or graph-
ically. For forced vibrations with non-linear
damping, the differential equation of too-
tion is

mY, _- f(&) _- kx : P_ sin _ot (3.1)

where f(2) is not equal to the c2 term of

*Den Hartog, J. P., Mechanical Vibrations, Fourth

Ed., McGraw-Hill Book Co., Inc., New York.
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FIGURE3-18.--Coulomb damper in Relay I assembly.
.L

the equation for linear damping. The motion
is not harmonic because of the nonlinear

term f(_:). An exact solution for this equa-

tion is known only for the case pf coulomb,
or dry-friction type, damping, where f(x)--
_F _-cx. Even though the damping for this
design is greater than that usually assumed
for this approach, the curve of motion is
sufficiently close to sinusoidal that it may be

used as a base for an approximate analysis.
Basically, the analysis assumed that equal
work per cycle will be done in both the sinu-
soidal and in the equivalent system. The
term f(&) is replaced by an equivalent c_,
and an equivalent damping constant c_-is de-
termined such that the actual damping force
f(./:) .does the same work per cycle as the

equivalent damping force c_. Then c is not
strictly a constant, but a function of _ and

6f xo. Thus the non-linear coulomb system
represented by the differential equation can
be replaced by a linear one, with the con-
comitant approximation.

The motion is given by

x _- Xo sin _t (3.2)

and the work per cycle, of the general damp-
ing force f(h) is"

/

u_ -- Xo_, f(i _) cos ,,t d_t (3.3)

The work per cycle of the equivalent damp-
ing force c& is:

u2 _ _ c_,x o2 (3.4)

The equivalent damping constant c is found
by equating (3.3) and (3.4),

c _- f(i:) cos o,t d(ot (3.5)
- 7r (o_ 0

and the amplitude of the now-linearized
system- is :

P0 1

1 -- _' -_- (3.6)

The amplitude is found by substituting the
value of c from Equation (3.5), but first the
integral must be evaluated. From a plot of

=
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FIGURE 3-19.--Coulomb damper.

damping force and velocity versus _t, it can
be observed that the integral consists of four

equal parts

I;4 F cos _t d_t -- 4F (3.7)
Thus

c__ 4Fbr_xo (3.8)

and substituting c from Equation (3.8) into

Equation (3.6) yields

Po _/ 1- [(4/_)(F_
X0 _ k

1- _ (3.9)

With coulomb friction in the region of
F/Po = _/4, the amplitude at resonance is

infinite and independent of the damping.
This linearized approach was applied in

the design of the coulomb damper as a single-
degree -of-freedom system at resonance.
Thus, critical damping at resonance was re-
quired.

Preliminary vibration experiments were

performed to determine the natural fre-

quency of the encoder (as typical of these
components) when mounted on a rigid brace.

This resulted in a value of f, = 150 cps. The
weight of the encoder is taken as 11 pounds,
and the critical damping at resonance is

10)c.-- g _ _ g _

or

co, _-- 4_(150 cps) _= 54 lb-sec-in -_

Taking the transmissibility value as 5, for a
trial, and assuming that the force on the cen-
ter of the encoder beam from the brace is

relatively high, causing the beam to act as a
rigid body, the acceleration at the encoder
center and the velocity across the friction
elements may be found. The acceleration is:

a ---- input X transmissibility
a -- (10.7g)(5) --_ 53.5 g (3.11)

and the velocity: Vo -- a/w -- a/(2_f,)
---- (53.5) (386)/2_ 150)
--_ 22 in-sec -_ (3.12)

The critical friction force at resonance is
then:

F_ _ Voc_,
: (22 in-sec -1) (54 lb-sec-in -_)
: 1190 lb (3.13)

This critical-friction force must be devel-
oped by the normal force acting through the
coefficient of friction at the interface between

the fiberglass rod and the steel tube. It is not
necessary to know the value of the coefficient
of friction, but it is required that the friction

force and the break-away force not differ
widely. It is also required that the wear and



STRUCTURAL AND DYNAMIC CONSIDERATIONS IN SPACECRAFT DESIGN

surface characteristics of the mating mate-

rials be such that the friction force remains

reasonably constant for_he operating period.

This is a condition best demonstrated by ex-

periment. The combination Of fiberglass and

stainless steel proved admirable since no de-
tectable wear nor change in friction force

occurred during the extensive experimental

operations. The slits in the tube and the

adjustable clamp provided the means of set-

ting the normal force which controls the

friction force.

The proper value of the friction force is
found through the use of the damping ratio.

One may take the approximation:

FFu _ C
Fc,. cc,. (3.14)

and, since the amplification is to be 5 (or

preferably less), the value of the damping

ratio, 0.13, may be read from standard reso-

nance curves for a linear system.* Then

from Equation (3.14) :

Fv_.-- 0.13 Fo, .....

= 0.13(1190) _'_ 150 U5 (3.15)

The clamp on the brace was torqued to pro-
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cruciform elements of the encoder. The over-

all spring rate for the cruciform assembly
had been determined during static load tests

as approximately 200,000 pounds per inch.

This value approximates the value of 211,000

pounds per inch derived from the experi-

mental data of a ll0-cps resonance at 172

pounds load, by the relation:

k_p0c_¢_,_= (2_f,,) _W
: g

= [2.(II01:_

-- 211,000 Ib-in-' (3.16)

For the encoder alone:

k_ [2_r 1 0 2 11- (5)]_
24,500 lb-in -1

The displacement of the encoder without the

brace would be (11 lb)/(25400 lb-in) or

about 0.004 inch. With the brace added, the

force on the cruciform supports was 11

pounds plus 150 pounds, for a new displace-

ment of about 0.006 inch. However, the dis-

placements with the brace had been measured

at about 0.0010 to 0.0015 inch, for a ratio of

6 to 1.2, or 5. Since the natural frequency

is relatecYto the square root of the spring

vide the corresponding normal force, and the constant or displacement,

axial friction force was measured by experi-

ment. The relationship between this axial

friction force and the torque applied to the

clamping bolts was established so that the
experimental measurement could be omitted

in future production.

Direct use was made of the rigidity in-

herent in the brace even though its major

function and design are those of a damper.
The introduction of the axial force essential

to the dissipation of input energy acts to in-

crease the stiffness of the encoder support

and thus to raise its natural frequency. This

overall action (i.e., to reduce the energy in-

put to a sensitive component and to move

its resonance away from the frequency of

maximum energy input) was the primary

reason for using the damper.
The increase in stiffness was difficult to

calculate because of the unknown spring rate

the k of Equation (3.9)--of the supporting

it would be ex-

pected to change by a ratio of about 2.2. The

resuIts of vibration testing indicate that the

damper increased the resonance from 150

cps to 215, for a ratio of 1.4 (see Figure

3-20). No particular precision was expected

of these calculations, but it was important
that the inevitable increase in stiffness due

to the additional force of damping be ac-

counted for by approximating the increase

in resonant frequency.

The benefit gained from the installation

of the damper is readily seen by a comparison
of transmissibilities at resonance. Without

the damper the encoder transmissibility was

12 at 150 cps; with the damper it was 7 at

215 cps. The peak force inputs to the en-
coder were thus reduced to values which

were within its capacity of about 10 trans-

missibility at 10.7g input. The secondary

*Den Hartog, J. P., Mechanical Vibrations, Fourth
Ed., McGraw-Hill Book Co., Inc., New York.
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FIGURE 3-20.--Transmissibility vs. frequency for
Relay encoder.

peaks, near the 100-cps region for both con-

ditions, were excited by the resonance of the

entire assembly and represent a similar re-
duction in force. The wideband receiver

responded even better to a similar treatment.

Its transmissibility at resonance was reduced
from 16 to 6.

The data gathered during the tests was

used to calculate the actual damping and

transmissibility on the assumption that the

damping was proportional to the square of

the velocity, i.e., f(.i:)--c_22. The equivalent

viscous damping is:

-- c1.__ cos (,)t dt (3.17)
ira )o

Recalling that ,5:: _/o,, cos o,t and that cl

-- Fo/2:

Equation (3.17) yields

8Fo,,
C --

3_a (3.18)

The data yielded the following values:

Fo, the frictional force z 150 lb

a, the maximum acceleration _ 77 g

f,,, the resonant frequency of the

component with damper ---- 215 cps

Substituting these values in Equation (3.18)

8(150 lb) 2,_(215 sec -I)
c ---- z 5.5 lb-sec-in _

3.(77g) (386 in-sec '-')

The damping ratio is then:

5.50
0.1

54.0

which, when entered on standard resonance

curves, indicates a transmissibility of about

6, comparable to the measured value of 7.

The energy dissipated per cycle* was also

calculated from the expression:

where

q __

Do --_ ,. --., _. q (3.19)

Do is energy, (in in-lb/cycle)

force per unit length of the slipped
interface

k_/ (k_+kt)

A_E_, (s indicates shaft)

AtE, (t indicates tube)

k Z

]gs ----

/_t --

Substituting the data values:

D°: _-[1-2(0"7)]r(!75-135):']10_)L (150,1)

_- 2 x 10 " in-lb/cycle

which is considered an acceptable value.
In summary, the presence of rather sensi-

tive electronic components, in addition to a

configuration dictated by the dynamic-sta-

bility criterion, required additional vibration

damping, which was furnished by large-

capacity coulomb dampers designed specifi-

cally for that purpose. This is believed to be

the first application for dampers of this type

in a spacecraft.

BASIC SPACECRAFT THERMAL DESIGN

Design Requirements

While the thermal design was in progress,

requirements were continuously being revised

and updated. The following are representa-
tive of the values that were used in the de-

sign.

Many parameters were from an orbit com-

puted by STL, commonly referred to as
Orbit 32. The orbit had an inclination of 54

*Pian, T. T. H., and Holowet, F. C. Jr., Str_ctural

Damping i7_ a Single BuiIt-7tp Beam, ASME Proc.

First National Congress Appl. Mech.
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degrees, and an altitude that ranged from a
minimum of 800 nautical miles to a maximum

of 3000 nautical miles. This resulted in an

orbit period of 163 minutes and a suntime

that varied from 75 to I00 percent; hence,
the maximum eclipse time was 40 minutes.
For thermal design purposes, this orbit was

similar to the final orbit of Relay I, which
had an inciination of 47.5 degrees, altitudes
from 700 to 4000 nautical miles, and a period
of 185 minutes.

The spacecraft was spin stabilized, with
the angle between the Sun and the Spin axis
(sun angle) equal to 90__+30° . The maximum
duty cycle for the wideband equipment was

36 minutes during each orbit, with operation
possible on three consecutive orbits. The or-
bit average power dissipation was estimated

t(_be from a 16-watt minimum (no wideband
operation) to a 90-watt maximum (36-min-

ute wideband operation), in addition to the

heat dissipated by the batteries and power
regulation equipment.

Trade-offs inApproach "

General

Some spacecraft are built around the ther-

mal design, with the best shape (spherical)
and structural support dictated to facilitate
the thermal design. The basic philosophy in
the design Of the Relay I spacecraft was dif-
ferent. A configuration was first Set by other
considerations, and then changes required

for adequate thermal control were introduced
where necessary. Th!s philosophy resulted in
a little weight being required for thermal
control and eased the design problems in
other areas.

The spacecraft shape was the result of

maximizing the area for mounting solar cells
within the space limitations of the shroud.
The internal equipment was arranged so that
the maximum moment "dr inertia occurred

about: the spin axis, and the structure was
then designed to support the equipment. The
only locations dictated by thermal considera-

tions were those of the voltage-limiter resis-
tors, and the two TWT's. The addition of
an active thermal controller, of low emittance
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surfaces on the inside of the solar panels,
and of thermal shields at the ends of the
sPacecraft essentially completed the thermal
design.

Internal Coupling

Several considerations indicated a need for

maximum thermal coupling within the elec-
tronic package. Most of the internal elec-
tronic component, including the batteries,
had similar temperature requirements. Some
components, especially the two TWT's and

their power supplies, dissipated large
amounts of heat, while other components had
negligible dissipation. There were frequently
large variations in the power dissipated in
any particular piece of equipment. Also, if
one component was not on, then either an-
other would be or an equivalent amount of

power would be dissipated in the power sup-
ply equipment.

Conduction paths were improved where
possible, and all electronic boxes were painted
to insure maximum radiation coupling. Ther-
mally connecting the interior equipment per-
mits the high power-dissipating components
to receive the benefit of the thermal mass of

the other components, and the temperature
variations caused by switching power from

one component to another are thus mini-
mized.

Insulafian to Ex#erior

Since the spacecraft would be subjected to

40-minute eclipses where the equilibrium
temperatures would be around --100°C, pro-
visions were required to prevent excessively
low internal temperature. The temperature
drop in eclipse can be estimated from:

_A,rT_At
AT _ ----

me

_(3500 in"-) (0.3 w/in 2) (2400 sec) _= _. 53 deg
(125 lb) (380 w-s/lb deg K)

(3.20)

where: _ is the emittance; A, the total sur-
face; T, the absolute temperature; m, the
mass ; and c, the specific heat. If the internal
equipment were well coupled to the outside
(emittance equal to one), the temperature
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drop would be of the order of 50°C, which is
excessive.

The internal equipment was insulated from

the exterior by means of a low emissivity
coating on the inside of the solar-cell panels.

Initially, the inside surface of the honey-
comb aluminum was left uncoated. When this

proved insufficient, aluminum foil and, later,
aluminized mylar were applied to the surface.
The effective emittance of the exterior was

thus reduced by a factor of ten, and the tem-
perature drop during eclipse was a satisfac-
tory 5°C.

Thermal Coupling to Spacecraft Bottom

The exterior of the solar panels was de-
signed to yield a minimum absorptivity-
emissivity ratio and the lowest possible
solar-cell temperature. This resulted in an
estimated solar-cell temperature of approxi-

mately 20°C in the sunlight. While this is
satisfactory for the solar panels, excessively

high temperature would result within the in-
ternal components to dissipate the required
amount of heat through the solar panels. To
lower the average temperature of the internal

equipment, the thermal coupling to the bot-
tom of the spacecraft was maintained high.
The bottom surface is colder than the solar

panels because the sun does not shine per-
pendicularly on this surface. By adjusting
the coupling to this surface, the average tem-

perature can be set above or below the solar
panel temperature of 20°C.

Passive Versus Active Thermal Control

Both in the study phase (STL) and in the
initial thermal design, the advantages and

disadvantages of an active thermal control
were studied. A completely passive system
has a low initial cost, low weight penalty,
and high reliability; however, the degree of

temperature control was, to some extent,
marginal. It was difficult to prove that the
passive design would be adequate, in view of
the inevitable changes that could be expected
to arise during final design and construction.

The final choice was a basically passive

system, with the use of active control as a
small adjustment, or vernier, to decrease the

temperature excursions. Considerable lati-
tude was thus allowed for changes. The ac-
tive control could have been eliminated if the

passive control had proved sufficient, or the
degree of active control could have been in-
creased if necessary. The final design did
include the initial active controller proposed.

This was sufficient to reduce temperature
excursions, but was small enough that the
equipment would probably operate properly
even if the active controller failed. Thus,

high reliability was assured.
The logical place for the active thermal

controller was between the equipment and one
of the ends. The bottom end was chosen be-
cause it had more surface. Location of the
active controller on the exterior of the space-
craft was desirable from a thermal view-

point. However, the ratio of moments of
inertia was critical, and any weight on the
spacecraft ends affected the radio adversely.
The controller was therefore mounted in the

interior, several inches closer to the center
of mass of the spacecraft. The interior
mounting also facilitated thermal testing of

the spacecraft.
A circular type of controller with open

pie-sections instead of louvers was chosen
because the particular spacecraft area was
circular, more experience had been obtained
with this type of control, and less friction was
involved. Actuation by expanding gas was
chosen because it provided more power to
overcome friction than a comparable weight
of bimetallic strips. The sensor was located

on a battery because this component was not
critically sensitive to temperature extremes.
Finally, hydraulic linkage between the sensor
and controller was used for flexibility, ease

of installation, and reliability.

Location of High Power Components

Tl_e components that generated significant
amounts of heat were the batteries, the trav-

eling wave tubes, the TWT power supplies,
the TWT power regulators, and the voltage
limiter. The batteries generated excessive

heat only under overcharge conditions, and
a temperature-actuated charge cut-off lira-
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ited their temperature to 32°C. The travel-
ing wave tubes were located where their heat
could best be distributed throughout the

spacecraft. The TWT power supplies were
located with the other electronic equipment
and generated high, but not excessive, tem-
peratures. The temperature requirements of
the remaining two sets of components were

less severe, allowing these components to be
located away from the main equipment. This
prevented the heat generated by these com-
ponents from affecting the main equipment.

The transistors associated with the TWT

power regulators were located on a collar
near the bottom of the spacecraft. Because
of small size and high power dissipation, a

substantial temperature rise was expected.
Therefore, they were located at the coldest
part of the spacecraft, where the heat dissi-
pation was adequate at an operating tempera-
ture below the maximum limit.

The resistors associated with the voltage

limiter presented a special problem. The
power supply was overdesigned in power
capability to allow for solar-cell degradation
expected from particle radiation in space.
This required excess power to be dissipated
in the voltage limiter during the early life
of the spacecraft and the amount of dissipa-
tion would decrease as the solar cells de-

graded. If the resistors had been located
inside the spacecraft, the gradual decrease
in heat dissipated would have produced a
long term cooling effect on the spacecraft.

For this reason, the resistors were mounted
externally on the solar cell panels, where the
heat could be dissipated directly into space
without affecting spacecraft temperatures.

Initial Thermal Design

General Theory

Based on the considerations outlined in
the previous section, an initial heat balance
for the spacecraft was formulated. This

initial concept was later refined and modified,
and calculations were performed in much
greater detail. However, it does contain the
basic formulation of the thermal design.

To obtain a mean interior-spacecraft tern-

perature, it is assumed that the interior is
one isothermal mass and is coupled by radia-
tion to the three external surfaces. These

couplings by radiation are constant, except
for the coupling to the bottom surface tha_

will be a function of the position of the active
thermal controller. The heat balance on each
of the three external surfaces can then be
written as:

_8 AB _ TB 4 = aB A,_ (S_ + pB) + cBAn _,
+ Ks (_ T 4 -- a TB 4) (3.21)

-5 K, (_T 4 -- aT, 4) (3.22)

-5 Kr(_ T_ -- a Tr4) (3.23)

and the heat balance for the interior pack-
age is:

K_(_T_ -- _T _) + K_ (_T2 -- _T _
-[-K_ (,rTB 4 -- aT 4) -5Q = 0

(3.24)

The definition of the quantities and some
numerical values are listed in Table 3-4.

From these four equations, the tempera-
tures of the three external surfaces can be

eliminated, and the result solved for the tem-
perature of the interior package. It is useful
to define various secondary constants to sim-
plify the expression for the internal tempera-

ture. The equivalent radiation input to any
surface is defined by

I = _ (S-5 _) -5 _ (3.25)
C

The fractional coupling constant to space is a
function only of the spacecraft and, for the
top surface, is

(3.26)

with similar equations for the sides and
bottom surfaces. Finally, the constant elec-

trical power term is defined by

D= Q
K_. K_ Kz

Kr K_
1-5---- 1+-- 1+--

_. Ar _ A,

KB

c B A I¢

(3.27)
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TABLE 3-4.--Thermal Design Parameters

Symbol

AT

A_

A B

A
B

C

D

fr

Is

In

Kr
Ks

KB

Q
Sr

Ss
S_

T

TT

Ts

TB

O_T

YeS

OrB

eT

eS

eR

u

0

O*

r

Quantity

External area, top .....................

External area, sides ......................

External area, bottom .........................................

Coupling constant to space, top ...................................
Coupling constant to space, sides ............................

Coupling constant to space, bottom ..................................
Constant electrical power term ...............................................

EquivMent radiation input, top .................................

Equivalent radiation input, sides ..............

Equivalent radiation input, bottom .................................
Radiation coupling, interior to top ....................................

Radiation coupling, interior to sides .......................................

Radiation coupling, interior to bottom ......................

Electrical power input ...................

Initial design value*

300 in s
2600 in 2

600 in 2
0.20 and 0.07

0.69 and 0.44

0.21 and 0.49

0.067 and 0.101 w/in _

0.027 w/in z
0.202 and 0.231 w/in z

0.020 and 0.155 w/in _
25 in _

165 in _

50 and 250 in _

15 and 35 w

Direct solar radiation, top ..........................
Direct solar radiation, sides ........................................

Direct solar radiation, bottom ..........................

Temperature of spacecraft interior ......................................... 4°C and 23°C

Temperature of surface, top ..........................

Temperature of surface, sides .....................................

Temperature of surface, bottom ...................................

Surface absorptance to sunlight, top .................................

Surface absorptance to sunlight, sides ..............................
Surface absorptance to sunlight, bottom ...................................

Surface emittance, top .................................

Surface emitt,mce, sides ...............................................
Surface emittance bottom ......................................................

Average earth thermal radiation ...........................................

Avcrage earth reflected radiation ....................................
Stefan-Boltzmann constant .............................................

Spacecraft time constant .................................................................

0.9

0.9

0.27

0.9

0.9

0.9

0.017 w/in_

0.010 w/in 2

.657X 10-nw/in_ degK 4

*Where two values are given, the first corresponds to minimum spacecraft temperature conditions (75 percent suntime
and 90 ° sun angle) and the second corresponds to maximum temperature conditions (100 percent suntime and 120 ° sun
angle).

With the above definitions, the temperature

of the space(_raft interior can be written as:

,rT 4 -- AI,r + BIs + CI_ + D (3.28)

where the effects of the external inputs and

the effects of the spacecraft parameters have

been separated. The constants A, B, C, and

D are functions of the spacecraft geometry,

surface properties, and electrical operation.

The equivalent radiation inputs (I) are

functions of the external environment (ex-

cept for the _/, ratio of the surfaces). The

spacecraft constants were measured experi-

mentally in various tests and adjusted when

necessary to tolerable values.

Using the initial design values given in

Table 3-4, the calculated temperature for the

spacecraft interior was between 4°C and

23°C. The actual battery temperature would

increase under overcharge conditions to the

temperature cut-off, which was set at 32°C.

The minimum temperature would be lower

than 4°C due to transients, which are esti-

mated below.

Transients

Temperature fluctuations from two sources

were expected to be important: (1) duty
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cycles of the equipment, and (2) eciipseS of

the sun. Initially it was expected that when

the wideband equipment was turned on and

dissipated two to three times the average
power, the spacecraft temperature would

rise. To counteract this effect, the transistors

of the wideband power-supply regulators

were removed to the bottom of the spacecraft,

and the traveling wave tubes were positioned

so that much of their heat would go directly

to the spacecraft bottom. The result of these

efforts was that the temperature actually de-

creased slightly when the wideband equip-

ment was operated.

The temperature drop when the spacecraft

enters the shadow of the earth depends pri-

marily on the time in eclipse and the space-
craft time constant. It was shown earlier

that this would be over fifty degrees unless

the spacecraft was insulated. With the

assumed radiation couplings between the in-

terior and the external surfaces, the tem-

perature drop was estimated at only four

degrees, which is tolerable. The actual drop

was affected by cut-off of solar power which

decreased internal dissipation and tended to

increase the temperature drop. However, the

mass of the solar-cell panels, neglected so

far, delayed the falling-off of temperature,

and therefore_the transient was small. The

expected temperature drop was therefore

about four degreesl and the spacecraft time

constant was slightly over ten hours.

Conclusions

The final thermal design resulted from

modifications necessitated by refinements in

the calculations and inputs from other areas.

Probably the most important change was that

the thermal coupling to the solar panels had

to be increased due to structural difficulties,
and this had several results. Little effect was

produced on the average temperature since

the panels and interior are close in tempera-

ture. The increase in the temperature drop

during eclipse was partially offset by the in-

crease in spacecraft weight to 172 pounds.

The fractional thermal coupling to the bot-

tom decreased since the coupling to the sides

had increased. This factor, with several
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other necessary changes, decreased the effect

of the active the_ controller to a value

smaller than had been anticipated, but it was
still adequate.

The average battery temperatures were

expected to be in the 0°C to 30°C range, with

most of the interior of the spacecraft also in

the same range. This was accomplished with

relatively minor modifications (determined

mainly by structural and solar_power con-

siderations) to the spacecraft design. The

weight for thermal control was 3.70 pounds,

about two percent of the spacecraft weight,
which included the active thermal controller

and the twenty-two thermistors for reporting

temperatures. While a smaller temperature

range is always desirable, the range achieved

was a satisfactory compromise in view of
the equipment requirements as well as the

weight and cost Of additional temperature
control.

COMPONENTS

Coatings and Finishes

General

The critical surfaces for spacecraft ther-

mal control and the measured properties of

these surfaces are listed in Table 3-5. The

other spacecraft surfaces were those of the

unfinished aluminum structure, and most of

TABLE 3-5.--Thermal Properties of Surfaces

, Vah

,91

.86

.90

.13

.14

.08

.07

External surfaces

Solar cells, individual .........

Solar cells, panel ..............

PV-100 paint sprayed on .....

aluminized mylar.

Internal surfaces

Inside of solar cell panels ......

Insde of thermal model panels._

Aluminized mylar on active

thermal controller.

Method Value Method

C-T .91 C-T

S-P -98 S S

C-T .35 C-T

C-S

C_S

C-S

S-P

Test Methods

C-S Calorimetric Steady State

C-T Calormetric Transient

S-P Spectrometer

S-S Solar Simulator
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the electrical subsystem housing surfaces
which were painted black. The batteries

were painted white for reasons other than
thermal.

The thermal design goal was maximum
emittance on all external and internal sur-

faces, except for the inside of the solar
panels and the active thermal controller sur-
face. The absorptivity/emissivity ratio was
minimized on the top and bottom surfaces of

the spacecraft. In most cases the measured
values were in close agreement with the

values upon which the original thermal de-
sign was based.

TABLE3-6.--Composition and Ultra-Violet Test
of PV-lOO

Composition of PV-100

Titanium dioxide (rutile, non chalking) .................

Calcined clay ...........................................

Silicone alkyd (60% non volatile) .........................

Mineral spirits ..........................................

Xylol ..................................................

Bentone 34 .............................................

Following are mixed together and

ground in pedestal:

Manganese naphthanate .............................

Lead naphthanate, 6% ..............................

Mineral spirits ......................................

Xylol ....... "-......................................

Anti-skimming agent ................................

26.1%

30%

22.3%

11.7%

4.4%

.03%

.17%

1.oo%
2.3%

I1.4%

.27%

Ultraviolet test of PV-100

External Surfaces

The spacecraft sides consisted of eight

aluminum honeycomb panels covered with
solar cells having a total area of 2900 square
inches. The P-on-N silicon solar cells (IIoff-

man) were 1 X 2 centimeters and were cov-
ered with 0.060-inch thick Corning fused

silica glass (7940). The cover glass included
a blue filter having a cut-on at 435--4---15

millimicrons. The thermal properties of the
solar cells were measured for individual cells

and also, as will be described later, for a
complete panel.

The spacecraft bottom (larger end) was
covered with a thermal shield of 0.001-inch

thick mylar, fastened with zippe_'s, and slit
to allow for vibration flexing of the panels.
Its area was 560 square inches. The mylar
was aluminized on both sides for adhesion

purposes and then painted with PV-100.
The composition of the PV-100 paint and the
results of an ultraviolet test are shown in
Table 3-6. The data shows an increase of

approximately 15 percent in _/, for a one-
year equivalent of normal solar radiation.
since the solar radiation would usually strike
this surface at a low angle of incidence

(maximum of 30 ° from surface), much less
browning of the PV-100 was expected in
orbit.

The spacecraft top (wideband antenna
end) was covered with a similar mylar shield
having an area of 185 square inches. How-

ever, the inside surface was aluminized but

Equivalent months in space _,/¢ u

0 .35 .33 .94

3 .35 .31 ,87

6 .37 .35 .93

12 .41 ,35 .85

Test lamp = 4-watt G.E. germicidal ultraviolet lamp

not painted. A low emittance of the inner
top surface was needed to minimize the radi-
ative coupling to the top.

Internal Surfaces

The active thermal controller was covered

with aluminized mylar to provide a radiation
heat shield when closed. The covering was

mylar film, type C, 0.001-inch thick, alumi-
nized to a maximum visual reflectivity speci-
fication on both sides. For low friction in a

vacuum environment, some aluminum parts
of the controller were anodized and then

coated with Emvalon 310 (thickness 0.0005
inch nominal to 0.0007 inch maximum).

About half of the inner surface area of the

solar-cell panels was covered with a radia-
tion heat shield. This shield consisted of a

sheet of mylar aluminized on one side. The
mylar was bonded to the panel in spots to
minimize direct contact with the panel.

Test Methods

The technique used for each measurement
is indicated in Table 3-5. For the steady state

calorimetric method, an electrical heater is
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contained inside the sample, and the emit:

tance is determined from the electrical power
input, the sample equilibrium temperature,
and the temperature of the vacuum chamber
walls. The transient calorimetric method

: j. ::

requires the use of a carbon arc solar simu-
lator. The thermal emissivity is determified
from the rate of change of sample tempera-
ture, and the absorptivity-emissivity ratio
is determined from the equilibrium temper:
ature.

In the spectrometer method, the normal
reflected light from a surface illuminated
with total hemispherical illumination was
measured as a function of wavelength. The
final value used was the average over the

spectral band of interest.
A solar simulator test on a larger scale

was used to measure the absorptivity of a
solar-cell panel since this factor was espe-
cially critical in the thermal design of the

spacecraft. A typical panel was suspended
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A, = the surface area (A_, = 325.6 in 2,

A,_ = 41:3 in _, A, 315.6 in_),
---- the SteYan:Boltzman constant

(3.66 X 10-11w/in_ degK4),
T 4 -- the fourth power average of surface

: tem-peratUre,

T_ -- the chamber-walltemperature

= (_ii00c),
An _-- the projected area of the panel to the

incicient light beam (A, ---- 322 in2),
and

S = the intensity of the incident light beam.

Three tests were conducted, using different

values of intensity, S, by chopping the inci-
dent light beam. The following results were
obtained :

S(w/in 2) a

0.954 0.825

0.865 0.825

0.740 0.870

in a six-foot diameter, ten'foot deep vacuum The average panel absorptivity is 01840, and
chamber, and its solar-ceil Surface was illu- the average absorptivity/emissivity ratio is
minated by a pair of carbon arc lamps used 0.975. This agrees with results from previous

measurements on a single cell.

Temperature Sensors

General

Twenty-two temperature sensing circuits
are included in the telemetry subsystem to

evaluate spacecraft performance and for

diagnostic purposes. The six circuits asso-
ciated with the batteries are also used to

prevent charging of a battery when its tem-
perature is above 32°C. No discussion is
included in this section of the seven tempera-
ture sensing circuits (E39 and E41 through

E46) of the radiation effects panel which was
government furnished equipment.

Description

Each temperature sensing circuit was
made up of one or more thermistors and
resistors. Each circuit operates from a 9-

volt supply, and, for the desired temperature

range, supplies the required 0 to -{-5 volts
needed for telemetry/The thermistors are

disc-type elements, coated with either red

in solar simulation tests on the Relay I

Spacecraft. The thermally black chamber
walls were maintained at a temperature of
--110°C. The average intensity incident on

the panel was measured by reading the short-
circuit current of four pre_calibrated
solar cells suspended in front of the panel in

the path of the arc-lamp beam. The equili-
brium temperature of twenty-five evenly
distributed points on the fi-ont and back
SSrfaces of the panel Were measured. The

back and side surfaces of the panel were
coated with a paint of known emissivity.
The solar cell emissivity of 0.86 had been

obtained _by us|ng the spectrometer. The
solar absorptivity, _, of the outside of the

solar panel was then determined from:

_, A_ (aT 4 -- aTw 4)

Ct

A,,S (3.29)

where i designates front, side, or back sur-

face of pane_,afid

c, ---- theem_ssivity (_. = 0.86, _s - 0:9, .....

_, : 0.80),
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glypto1 or RTV-20 silicon rubber. The fin-

ished component is a bead approximately

3/32 inch in diameter. The thermistor pa-

rameters are : a maximum operating temper-

ature of 150°C, a dissipation constant of
3 mw/°C at 25°C, a time constant of 10

seconds, and a temperature coefficient of

44%/eC. All resistors are RB55CE-F wire-

wound, one-percent resistorsl The typical

sensing circuit is shown in Figure 3-21,
where RT1 is the thermistor with a resist-

THERMISTOR

RT1

El. = 9 VOLTS
o

E out

FIGURE 3-21.--Temperature sensor circuit.

ance that varies with temperature. One spe-
cial circuit uses two thermistors to extend

the range down to --130eC. The resistance

values used for each range of temperatures
are shown in Table 3-7.

TABLE 3-7.--Temperature Sensor Resistor

Sensors

AS-All

AI2-AI7

C1

C2-C10, C12

Range
deg C

-50 to 40

-20 to 66
0 to 120

- 2 to 40

R1
ohms

7,150

2,740

12,400

0

R2
ohms

9,76(

4,32(

17,40(

25,50(

Location

The thermistor locations are listed in Table

3-8 and are shown in the diagram of Figure

3-22. Five thermistors (C1, C3, C4, C5, and

C6) are mounted on the spacecraft structure.

The mounting bracket is a terminal board

centrally drilled to accommodate the ther-

mistor. The thermistor is held in place with

epoxy. Table 3-8 also shows that the telem-

etry sensors are sampled once every 64

seconds, except sensor C8, which is sampled

once per second.

Calibration

Each temperature sensing circuit was cal-
ibrated as a unit because the nominal accu-

racy of commercial thermistors does not

approach the desired circuit accuracy. Also,
the calibration serves as a verification of the

circuit design.

TABLE 3-8.--Specifications on Temperature Sensors

T/M
Sensor comm Function

28/49 Solar panel No. 3B-I .....
28/57 Solar panel No. 3B 2 .....

28/2 I Solar panel No. 4A-1 ....

28/10 [ Solar panel No. 4A-2 ....
28/18 Battery temp_ 1-1 ........

28/261 Battery temp_l-2 .......

28/34 Battery temp. 2-1 ........

28/42 Battery temp. 2-2 ........

28/50 Battery temp. 3-1 ........

28/58 Battery temp. 3-2 ........

28/12 TWT collector temp ......

28/20 TT and C transmitter___

28/28 Structure (beac.) ......

28/36 Structure (enc.) ........

28/44 Structure (VCB rec.) .....

28/52 Structure (ring) ..........

28/60 Battery structure temp ....

22 Controller sensor ........

28/5 TWT power supply No. 1_

28/13 TWT power supply No. 2_

28/21 Lower surface temp .......

28/64 Battery structure temp ....

Data
range

-50 to +40°C

-50 to +40°C

-50 to +40°C

- 50 to + 40°C

-20 to +66°C

-20 to %66°C

-20 to +66°C
-20 to +66°C

- 20 to + 66°C

-20 to +66°C

0 to 120°C

-2 to 40°C

- 2 to 40°C

--2 to 40°C

-2 to 40°C

--2 to 40°C

-2 to 40°C

--2 to 40°C

-2 to 40°C

-2 to 40°C

-130 to +5°C

-2 to 40°C

Accu-
racy

+ 2.5°(

+ 2.5D(

+ 2.5"(

+ 2.5°(

+ 2.5°(

± 2.5°(

+ 2.5°(

+ 2.5°(

+ 2,5°(

± 2.5°(

_+5°C

± 2.5°(

_+2.5"(

+ 2.5°(

± 2.5°(

_+2.5°(

±2.5°(

+ 2.5°(

± 2.5°(

± 2.5°(

± 5°C

± 2.5°(

The accuracy of the temperature sensing

circuits in the integrated spacecraft was

tested during the prototype thermal gradient

test by comparing the telemetered tempera-

tures with the readings of thermocouples

placed near each thermistor. Comparisons
were made at eleven locations where the

thermistors were not located inside compo-

nents. The temperatures were compared

over as wide a temperature range as possible,

during periods when the time-rate of change

of temperature (as indicated by the thermo-

couple) was small. The results of the com-

parisons are summarized in Table 3-9. The

representative average difference is +0.2°C,
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FzctmE 3-22. Thermistor locations in prototype spacecraft,

a small difference which proves that there is
no significant systematic error in the calibra-
tion procedure. The two and three degree
differences found for a few pairs can be
attributed to the difference in the moun_ing

of a thermistor and _its corresponding ther-

TABLE 3-9, Ther_listc_r-Thermocouple Comparison

Battery thermistor

AI._

A14

A15

AI6

A17

C12

Thermocouple

T21

T25

T25

T21

T21

T23

Average Standard
difference deviation

dcgreeaC, degrees C.

0.8

-0.5

-0.5

02

-0.4

0.1

_+0.1

+0.7

+ 0.7

+0.3

+0.3

+ 0,6

Average -0.1 ± 0,5

Structure thermistor

T42

T41

T43

T44

T24

- 20

-- 2.9

-I1

29

O l

C1

C3
C5
C6
C8

.±0.8

±03

+0.9

±0.8

+0.5

Average - 0.8 _+ 0.7

Grand Average of All Readings -0.2 + 0.6

mocouple. The compounded standard devia-
tion of _ 0.6°C was much better than the

specification requirement of + 2.5°C.

Active Thermal Controller

Design Philosophy

The spacecraft thef_aI design is basically
a passive one, with the active _ontroller

reducing the temperature range and pro-
viding an extra margin of safety. High
reliability is provided, since the spacecraft

probably would operate even if the controller
failed. After the first model of the active
thermal controller was built and tested in a

spacecraft, the demgn was reviewed and
careful consideration given to: (1) providing
a second controller at the other end of the

spacecraft, and (2) omitting the active con-
troller. It was concluded that the controller

provided a significant and measurable reduc-

tion in temperature range and, thus, contrib-
uted to the system reliability. While addi-
tional control would have been desirable, a
second controller installation was not con-
sidered to be warranted.

In orbit, the spacecraft spin axis is nomi-
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nally perpendicular to the sun's rays making
the ends of the spacecraft colder than the

sides. The active thermal controller changes
the amount of heat radiated from the com-

ponents to the colder bottom surface of the

spacecraft. When the battery temperature

is above 20°C, the controller is open, per-

mitting the heat to flow. Battery tempera-
tures below 6°C cause the controller to close,

preventing excessive heat loss from the

spacecraft. The mylar covering next to the

spacecraft mounting ring is coated with a

highly emissive paint and is used as a sink

for the heat radiated from the payload.

The thermal coupling from the payload to the

bottom is thus changed by the action of the
controller.

De:crlpfion

The controller is a flat, circular device

weighing 3.6 pounds, mounted perpendicular

to the spacecraft spin axis, 7 inches above

the bottom surface. The major components
are a shutter, an actuator for the shutter,

and a temperature sensor. The controller is
shown in Figures 3-23 and 3-24.

The shutter consists of two 24.6-inch diam-

eter discs parallel to each other and separated

by 1/16 inch. Each disc is made of aluminum

tubing supports with 32 pie-shaped sectors.
Alternate sectors are covered with one-mil

mylar which has been coated with a thin

layer of aluminum on each side. The remain-

_! _ st

FmURE 3-24.--Drawing of active thermal controller.

ing sectors are left uncovered. The lower disc

is fixed to the spacecraft structure, and the

upper disc is fastened to a movable central

ring coupled by a lever mechanism to the

actuator rod. The periphery of the upper disc

is supported at several points in a groove
3/16 inch wide. All contact points are coated

with a special paint (Emvalon) to avoid
direct metal-to-metal contact and to reduce

friction.

The shutter is opened or closed by the rota-

tion of the upper disc relative to the lower.

This rotation is produced by linear motion of
the actuator shaft. The total controllable

area is 180 square inches.

The temperature sensor (see Figure 3-25)

is mounted on one of the battery boxes (box

! ;itt i_l
I '1 [_l ill

r m[t LOWS

2 SUtF_q DIOXIDE CHARGING TUI[

| N-OUTYL ALCOHOL CHARGING TUBE

4 TU6[ TO ACTUATOR

S C_L-_N6 SYSTEM

I l

 lil

FIGURE 3-23.--Active thermal controller. FIGURE 3-25.--Temperature sensor.
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# 2) since the battery temperature is critical
in the thermal design. The sensor consists of

_ a belIows containing saturated sulfur dioxide
liquid gas. The SO: provides the prime force
required to move the shutter. Since the S02

pressure is always positive, springs are re-
quired for a counteracting force. The bellows

and springs are housed in a cylindrical con-
tainer 2-5/16 inches in diameter and 1-3/8

inches high. The cylinder volume outside of
the bellows is filled with N-butyl alcohol. This

hydraulic fluid transmits the bellows dis-
placement to the actuator mechanism via a

capillary tube having an outside diameter of

: 1/8 inch and a length of 18 inches.The actuator (see Figure 3-26) c0nsists

of a bellows within a cylinder 1-1/2 inches in
diameter and 2--3/32 inches long. As the
pressure exerted by the alcohol outside the

_ -;: belibws is increased, the bellows c0ntracts,

_ _ imparting a linear motion to a rod attached
to its free end. When the pressure is de-
creased, the bellows and rod are forced in the

opposite direction by the action of a coil

spring located inside the bellows and mounted
_ concentrically with the rod. The total rod

displacement is limited by an_djustabie stop
_= to 0.362 inch. The rod drives one end of a

_ lever, pinned in the middle. The other end of
_ the lever is hinged to a member which drives
_=_

the movable shutter disc.

z!/t
::::::::::::::::::::::: t..,.>,.'° I
7 TUOE FROM TEMPERATURE SENSOR "re.MPZ'_aTU#E¢C)

g SHAFT
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Mechanical Performance

Actuator - displacement as a function of
sensor temperature was measured before
mounting the actuator on the shutter. Tests
were conducted in vacuum with the actuator

rod moving against a two-pound dead load;
the measured hysteresis curves are shown in

Figure 3-27. Further tests of the complete
system were conducted in which the actual
rotation of the controller shutter was meas-

ured as a function of sensor temperature,
resulting insimilar hysteresis curves. Then,
conducted in air, the curves were translated

to higher temperatures, since the effective
pressure of the SO,_,is reduced by the atmos-
pheric pressure against which the sensor-

actuator system must work. Performance
was predicted from test data obtained in air
by use of the-temperature conversion chart
shown in Figure 3-28. This conversion data

was calculated from the SO2 vapor pressure
curve.

In additi_on to measurements made in air,
hysteresis curves in vacuum have been ob-
tained from thermal gradient tests and solar
simulation tests for several controllers. The

controllers for the prototype and flight model
No. 1 spacecraft were completely closed at
9 ± 2°C and completely open at 18 --+ 2°C.

/?-y,:
tJ/ 'P

.... // Ili
..... ..;1 /h

I// .'/i

,,/t,?
tit ; I;
,"1,'i'
iq ,f/
,',.'I
/.q _1i

T£UP_RaTU#E i'c)

9 STOP

FmuR_ 3-26.--Actuator.
FIGURe:3-27.--Temperature range for thermal

........ ¥6h_r6ffers-.".........
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EQUIVALENT CONTROLLER TEMPERATURES

FOR ATMOSPHERIC PRESSURE TESTS

(Based on SO 2 Vapor Pressure)
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Z
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u
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CONTROLLER RANGE
IN VACUUM

I I I
10 20 30

SENSOR TEMPERATURE IN VACUUM (deg C)

FI(_UBE 3-28.--Equivalent controller temperatures for atmospheric pressure tests.

Thus, these controllers performed within the
required 6°C to 20°C range.

Thermal Performance

A measure of the effectiveness of the ther-

mal controller is the degree to which it

changes the thermal coupling between com-

ponents and the bottom surface. (This cou-

pling, C, can be defined as the rate of change

of ,TT 4 of the components with respect to the

thermal irradiance on the bottom.) The

values of thermal coupling obtained in ther-

mal gradient tests of the thermal model and

the prototype are listed in Table 3-10 for the

controller in both the open and closed posi-
tions. In all cases the fractional coupling

increased with the controller open. The
actual increase ranged from a maximum of

0.11 to a negligible 0.008, yielding an average

of 0.06. The change is smaller than average

TABLE 3-10.--Effect of Controller on Thermal
Coupling

C (open)

Componcttt Thermal
model

Telemetry ......... 22

._ensor......................

Battery center ...... 24

Battery, edge ........ 24

Encoder ....... - .... 23

WB recorder (1) ...... 26

FWT power supply. .29

__verage ............. 246

Proto-
type

.18

.27

.27

....... 19

.22 .19

.28 ,24

.243 .200

C (closed)

Thermal Proto- Thermal
model type model

.18 .18 .04

......... 20 ........

.20 ,17 .04

.18 ....... 06

.16 .04

.16 .07

22 .05

.181 .046

AC

_roto-
type

.00

,07

.10

.06

.06

.058

for the telemetry transmitter and larger than

average for the TWT Power Supply, as

expected, since they are respectively farther

from, and closer to, the bottom than are the

other components. This change in coupling

to the bottom, with some secondary effects

from other coupling factors, produces the
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desiredtemperature change. The agreement -_ :the+-p-rbtotypethermal gradient test

among the different tests is satisfactory, con-

sidering the final modifications to spacecraft
design. The increase in AC from the model

to the prototype reflects the modifications

made to improve controller effectiveness.
The total coupling from the components to

space is about 800 square inches. Multiply-
ing this by the fractional coupling C, the

coupling to the bottom is 190 square inches
for the controller open and 140 square inches
with the controller closed. The difference of

50 square inches can be compared with the
180 square inches of controller area that
actually opens and closes. The decrease is
due to: (1) location of the controller inside

the spacecraft to minimize the ratio of
moments of inertia, (2) the structural mem-

bers through the controller, {3) the neces-
sary increase in area of the collar for mount-
ing transistors, and (4) struts through the

controller to support the encoder and wide-
band receiver. Because of internal reflec-

tions, the coupling from the painted mylar
surface to the lower fitting increases when
the controller is closed. A network calcula-

tion of the coupling from the components to
outer space results in 230 and 160 square
inches, respectively, for the controller open
and closed--in rough agreement with the 190
and 140 square inches derived experimen-
tally.

Table 3-11 lists temperatures calculated
for the probable extreme thermal conditions
which the batteries would experience in
orbit. The coupling factors obtained from

TABLE 3-11,--Calcula ted Bat tevy Tempera Cures

Sun angle Thermal

degrees I condition
60

90 l Hot

120

60

90 / Cold120

Battery temp. with
controller open

degrees C

15.5
14.2
16.6

5.2
3.4
3.8

Battery temp. with
controller closed

degrees C

20.6

21.0

17,0

6,9
7,2
4.3
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were
used in these calculations.

While the effect of the thermal controller

at the 120 ° sun angle is small, its value
increases Significantly at lower sun angles.
It is most effective at the 90 ° sun angle, an

attitude experienced more often by the space-
craft than the 60 ° and 120 ° extremes. Since

extreme temperatures have a pronounced
effect on battery performance, the average
decrease of 5°C by the active thermal con-

troller is significant in improving spacecraft
life and reliability.

Traveling Wave Tube " "

Introduction

During wideband operation, the collector
end of the traveling wave tube dissipates
more heat (50 w) than any other spacecraft
component. The required duty cycle is 36
minutes during each of three consecutive

orbits (the orbit period is 163 minutes).
The initial thermal design, during both the

study phase and the initial spacecraft design,
included a heat sink for the tube such that the

combination was a self-contained unit. The
design required a thermal mass of one or

two pounds and a relatively small radiating
area of 25 to 50 square iches. The thermal

mass absorbed the heat during the 36 min-
utes of operation-and radiated it during the

two hours between operations.
The alternate design finally chosen was

radically different. The tube was relocated,
and the spacecraft structure was used as both
heat sink and radiator. Relocation of the
tube was decided after careful consideration

of the vibration analysis and the moment of

inertia of the spacecraft as well as the ther-
mal requirements. The res'ult was an equiv-

alent thermal mass with no weight penalty,
plus a greatly increased radiating area (350
square inches).

The interface with the tube design (RCA,

Electronic Components and Devices, Harri-
son, N.J.) was set by mutual agreement,
with consideration given to the thermal

problems in both the tube design and in the
spacecraft design. The basic requirement
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was that the maximum temperature of the

collector inside the tube be less than 220°C,

and preferably less than 180°C. The inter-

face decision was that the lower fitting, to

which the tube was to be attached by a flex-

ible metal strap, was to be held below 80°C

for power dissipation up to 50 watts.

Theory

Most of the spacecraft heat was dissipated

by the 12 struts of the spacecraft frame
which were connected to the lower fitting.

An analysis of the temperature along a uni-
form strut shows that it can be character-

ized by an effective length l_, given by

KA
l_-

,p (4_To '_)
(5.4 w/deg-in) (0.15 in")

_ (13 in)'-'
(0.2) (6 in) (0.004 w/deg-in 2)

where K is the thermal conductivity; A, the

cross section area; _, the emissivity; p, the

perimeter; To a nominal temperature, and
,, the Stefan-Boltzmann constant.

In the steady state, the difference between

the temperature on the strut and the sur-

rounding temperature can be approximated

by an exponentially decreasing function; the
distance over which this difference falls to

1/e of its value is defined as the effective

then be calculated to be:

q _ 60 °
T_ -- TL -- R (4_To '_)

where q is the power dissipated (50 w).

However, this temperature would not be

reached during the normal duty cycle; the

calculated maximum temperature rise of the
lower fitting is only:

[ tR (&T°'_) ]TM-- TL-- (TF-- TI,) l--e mc

--__45°

Since the maximum surrounding temper-

ature is expected to be 25°C, the calculated

maximum temperature of the lower fitting

is 70°C, or ten degrees below the upper limit.

Test Results

The temperature rise and fall of the lower

fitting during wideband operation was mon-

itored in many tests, both with a thermo-

couple and a thermistor. The numbers used
for the calculations were:

1. The initial temperature, TL

2. The initial rate of temperature rise S

when the wideband sub-system was turned

on,

3. The maximum temperature, T.,,, and

4. The initial rate of temperature drop S

length, when the wideband sub-system was turned

The effective radiating area R for the 12 off.

struts is :

R---- 12 _p l_ _ 200 in 2

and the effective thermal mass* is:

mc -- 12 p l_ Ac _ 1000 w-sec/deg

where c is the specific heat, and p is the

density of aluminum (0.098 lb/in_).
Some heat will also be absorbed and radi-

ated by the lower fitting itself, by parts of

the tube, and by other adjacent parts. The
actual effective area and mass would be

expected to be larger than these calculated

numbers, since, during the design phase,
these numbers were used as a conservative

approach.

The steady state rise in temperature can

Assuming a simple isothermal mass, the

thermal mass and radiating area are then

given by :

q
"fft C -- S _,

S_
R ----qshl,(_ T''4-- ,TTL_) in"

where q, the electrical power, was taken as
50 watts.

The parameter values calculated from

various tests are presented in Table 3-12.

For the flight model No. 1 spacecraft, the

average measured thermal mass is 4800

:*The temperature-time curve will not be that of
an isothermal mass; this value is obtained by
equating the area under the two curves.
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TABLE 3-12.--Traveling Wave Tube--Thermal
Parameters Analysis at Lower Fitting

Tosl

Thermal gradient

tests

Therm. rood .......

Prototype ........

Prototype ........

Solar simulation test_

Prototype ........

FM 1 ............

FM 1 ............

FM 1 ............

5 Dee 61

10 Apr 51

24 Aug 62

Day 3

Day 1

Day 2

Day 3

deg C

see

0,008

0.016
0,024

0.009

0.0II

0.011

0.010

& TL

deg C d_gse_

0.004 0

0.009 -9

0.00400150.0050'004I 35

0.005 I

TM rnc ]R

d_g w-sec in2deg

i

15.5 6200 490

14 3100 1390

53.5 2100 360

18.5 37 5500 iii23 I 40 45OO '

23 4O 45O0

23 42 5000 350

w-sec/deg, which corresponds to over ten

pounds of aluminum; this is considerably
greater than 1000 w-sec/deg calculated
theoretically. The measured average radi-

ating area of 340 square inches is also larger
than the theoretical 200. Part of this is due

to the conservative assumptions that were
made, and part of it reflects the fact that not
all of the 50 watts are being dissipated at

the lower fitting. The use of a pressurized
TWT in the flight model No. 1 spacecraft
requires a capsule which radiates more heat
in the tube case, and therefore less is con-
ducted to the lower fitting.

The net result is that the expected maxi-
mum temperature of the lower fitting is

45°C, compared with the 80°C to which the
tube is tested. This margin allows for the

use, in other spacecraft, of unpressurized
tubes or for extended operation of the wide-
band sub-system beyond the 36 minutes
required. The latter actually occurred in the
Relay I spacecraft and no harm was done to
the tube.

Design Verification

Thermal Model

The initial thermal design was improved
with subsequent refinement of the detailed
mathematical calculations. The calculations,

however, were always subject to limitations
in the number of bodies that could be taken
and in the calculation of the thermal cou-

pling between each pair of bodies. As a
physical verification of the thermal design, a
thermal model of the spacecraft was built
and tested in a vacuum chamber. This test,
plus subsequent tests with the prototype and
flight model spacecraft, yielded data that
could be used to predict flight temperatures

with increasing accuracy.
The thermal model was built with a struc-

ture identical to the actual spacecraft and
duplicated, as closely as possible, the thermo-
dynamic and geometric properties of the ac-
tual spacecraft. All the black boxes were of
the same general shape and weight as the
actual components, with internal electrical

heaters in operation to simulate the electrical
heat sources. Figure 3-29 illustrates the

nearly completed thermal model. It was then
covered with panels of sheet aluminum
painted black on the outer surface to simulate
the solar cell panels. An active thermal con-
troller was installed complete physically but
not in active operation, and the tests were
run with the controller either in the open or
the closed position.

Therma[-Vacuum Tests

The spacecraft was mounted in the vacuum
chamber, as shown in Figure 3-30, for the
thermal model test. The vacuum chamber

was equipped to permit control of the side
wall temperatures. Two special plates were
installed in the chamber to control heat in-

puts to the ends of the spacecraft. Aluminum
foil was fastened from the edges of the plates
to the spacecraft edges to insure that each
spacecraft surface would be exposed only to
radiation of the appropriate temperature.

Temperature measurements were made at
30 locations during the tests and were re-

corded automatically. The pressure was
maintained at 10 -5 mm Hg. While later tests

of actual spacecraft were aimed at duplicat-
ing the external radiation inputs of actual
flight, the thermal model test was directed
toward measuring the basic spacecraft ther-
mal constants. Transient tests were used to

determine the spacecraft time constant.

Steady state tests were used to determine the
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FICURE3-29.--Project Relay thermal model.

fractional coupling constants, from the equa-
tion :

(_T 4 -- Air -t- BIs -t- CI_ -t- D

which was derived on page 47. The equiv-
alent radiation inputs (I) for each surface
are determined by the corresponding cham-
ber wall temperatures (,_T4), and, if the
interior temperature is measured, a relation
is obtained between the four constants: A,

B, C, andD. By conducting a series of tests,
these constants may be uniquely determined.
When these constants are known, predicted
temperatures can be calculated for any de-
sired condition in space.

Some of the fractional coupling coefficients
calculated from temperatures measured dur-

ing the testing are listed in Table 3-13. The
method of calculation was slightly different
for the two tests. Thus, for the thermal
model, the three coefficients do not necessarily

add to unity, due to experimental errors. For
the prototype test, the coefficients were con-

T lides

/

AtUMINUM FOIL

Tbo_to,-_

\

FIGURE3-30.--Orientation of the spacecraft in the
test chamber.

strained to add to unity. Averaging the re-
sults over the equipment, the correlation with
the initial design value is good, and the
agreement between the thermal model and

the prototype tests is excellent.

Conclusions

The test results essentially confirmed the

thermal design except for minor modifications.
After the thermal model test, the design em-
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STRUCTURAL AND DYNAMIC CONSIDERATIONS IN SPACECRAFT DESIGN

TABLE 3-13.--Fractional Coupling CoeJficients-- Test Results

Tel. transmitter ......... .10
Sensor ...................................................
Battery, center ..................................... 10
Battery 1, edge ..................................... 08
Encoder ............................................ 06
Battery 2 .......................................... 08
WB tee. (1) ........................................ 09
TWT pow. supply ................................... 12

Test average ........................................ 09

Initial design ...... '_ ..............................

phasis did shift away from the traveling
wave tube. The 50 watts dissipated by the
TWT had been of considerable concern, both
in the effect on the tube and on the other

components. The test showed that the tem-
perature rise in the tube Was below the
temperature limit of the tube, and the effect
of this rise in temperature on the other elec-

tronic components was negligible.
From the test resultsl predictions of flight

temperatures were made. The sources of
error were estimated and are listed in Table

3-14. The absorptivity-emissivity ratio of
the solar-cell panels was thought to be the
most important source of error, although
later comparison with flight data indicates
this error was probably exaggerated. The
error for the properties of the other surfaces
was less and was signifiCant only when the
sun was shining _0n t_he ends. While there
are uncertainties in the earth-reflected and

earth-emitted radiation, the value for total
radiation incident on the spacecraft is prob-
ably accurate to two percent.

Measurements of internal spacecraft tem-
peratures were probably accurate to I°C, but
the average wall temperatures were more
difficult to determine and may be in error by

2°C. Electrical power differences were in-
cluded to allow for any differences in dissi-
pation during test or during flight. The

A

I
I

.08

.05
,05

.05

.05

.07

.06
1
t--
1

.06

I

B c

Model

.74

.81

.73

.79

.78

.72

.76

.76

.10 .067

Proto'.-M_-I-IPr---_-_o.

.74 _ .18

.75 __:_5__ [ .20.78 .17
........ 18 I

[ .......
.79 .19 .16
.77 i .22 l
.77 i I .18.19 .16

.72 .24 .22

.76 .20 .18

.69 .21

TABLE 3-14__Accwraey

D

watts/in i
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Model IProto.

.087 .059
......... 058

.050 .055

.058 ......
.064 .060
.046 .056
.046 .051
.047 .048

.057 .055

aT°C

Solar cell panels ............ ...................... t -_ 4'3°

_/_ +10% .T i ±6% ,I

Top and bottom surfaces ........................... ] ± 1 °

a/, ±10% _T _ +1.7% ....

I

Radiation inputs ± 2% .................... z 1 °

Test errors t

Temperature measurements ........................ i + _°

Electrical power differences ....................... ± 3 °
i

Vacuum chamber heat leaks ...................... 4- 3 °

Extrapolation errors ..................... ± 2 °

Differences in Models .............................. + 2 °

/ _(/xT)_ _ __ 7 °

Transients (eclipse) .............................. [ q-O °, - 2 °

/

Error= +7 °, -O°

vacuum chamber heat leaks were due to im-

perfections in the radiation baffles and to the

support required to hold the spacecraft. The
extrapolation errors are those resulting from
the use of Equation (3.21), which was de-
rived by assuming that heat transfer is pri-
marily by radiation; this introduces no error
for those particular flight conditions that
were simulated, but in using the results for
other flight conditions, a slight error is in-

troduced. Finally, some differences can be
expected between one spacecraft model and
another. The total error was equal to the
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square root of the sum of the squares, and "
was 7°C.

Transients during eclipse were not in- $2

eluded in the 7°C. The original estimate of ::
the temperature drop during a 40-minute 2,
eclipse, based on an isothermal model, was 2A
5°C. During test transients, drops of 4 s2
deg/hr were observed when all the walls 2o
were cooled to --70°C. However, consider- ,,
able lag occurred initially, so that about two ,,

hours elapsed before this cooling rate was IA
established. The small coupling between the _ i,

solar cell panels and the internal package _ 4
reduced the drop in battery temperatures. _,
The final estimate was about 2°C and may _,
be even smaller. The final estimated error in

2

the temperature predictions for the batteries o
was -}-7 °, --9 °, as given in Table 3-14. -2

The predicted temperatures for 100-per- -A
cent suntime are shown in Figues 3--31 for -,
various thermistor locations. These are corn- .

pared with the range of flight temperatures -'°
during the first month of normal operation -'_
(January 1963) of Relay I. An absorptivity/ -'"
emissivity ratio for the solar panels of 0.975
was used, as measured for an entire solar-
cell panel. Locations that did not have any
strong sources of heat nearby exhibited only
a narrow range of temperatures; for these
locations the agreement between the pre-
dicted and observed values was two or three

degrees. The batteries and TWT power sup-
plies have wider variations of temperature,
due to their internal heating, but the lower
end of the temperature range was in reason-
able agreement with the predicted values.
The temperature of each thermistor was well

within the -b7°C, --9°C accuracy anticipated
before launch. In conclusion, the comparison

+
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+
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_: TEMPERATURES PREDICTED PROM

TH£RMAL-GRADIENT TESTS (,)R_OINAL]

+ TEMPERATURES PREO;OTEO PROM

THERMAL-$RADIERT TESTS (CORRECTED)
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SOL AR - SIMUL ATION T E$T$

-IS _JC-_l i * i i i i [ ,

O 91011 *3161712 1214167 S 4 5 S I0 s I 6 I!
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FmtyR_ 3-31.--Observed and predicted spacecraft

temperatures in orbit during 100 percent suntime

periods.

of the predicted and observed temperatures
was considered excellent.

AUTHOR. This chapter was written by
C. C. OSGOODand G. D. GORDON of the Radio

Corporation of America, Princeton, New
Jersey, U.S.A. under contract NAS 5-1272
with NASA/Goddard Space Flight Center.
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Spacecraft Performance

INTRODUCTION __

The Relay I satellite was launched and

injected into a near nominai=:orbit at 2330

GMT, 13 December 1962. Except for some
early difficulties encountered _ththe_power

system and for many comman d s-ystemanom-

alies, the spacecraft performed essentially as

designed. Table 4-i glves-a - CompaHhon of
the actual and nominal-orb{ts for Relay.

TABLE 4-1.--Relay Orbit Characteristics

Item Nominal Actual

Height of apogee ..........

Height of perigee ..........

Period ...................

EceentrlcEty ..............

Inclination ...............

Right ascension of

ascending node ..........

Argument of perigee

(injection) ..............

Nodal rate ...............

Perigee rate ..............

3999.48 nm

699.92 nm

184.36 min

0.28475

47.766 deg

217.22 deg

176.426 deg

-- 1.2845 dog/day

1.2030 deg/day

4020,70 nm

712.13 nm

185,09min

0.28462

47.496 deg

218.74 deg

177.5 deg

-- 1.2779 deg/day

L2123 deg/day

The Relay spacecraft* consists of a re-
dundant wideband communications system,

a radiation experiment package, electrical

power system, command and telemetry sys-

tem and necessary supporting structure (see

Figure 4-1). The spacecraft has horizon
- Controland sun sensing devices,:attRude sys-

tem, a precession damper, and an active
thermal controller. It has the general shape

of an octagonal cylinder' and with the ex-

• 4 ,,

ception of the top ar_[-bottom, the outer
surface is completely-c0v-ered with solar cells.

Table 4-2 lists some physical characteristics

of Relay I.

TABLE 4-2.--Spacecraft Physical.Characteristics

Weight 172 lb.

Moments of inertia

/roll .................... --_ .... _'_._.__ 17,925 lb-in 2

/pitch ................................ 15,952 Ib in 2

/yaw_ ................................ 17,124 Ib-in |

/roll

/yam'_ ................................ 1,104

Measured residual magnetic dipole moment_ 0.06 amp-turn-meter 2

Torquing coil ........................... -- 1.68 amp-turn-meter _

Measured magnetic dipole moment ......... + 1.53 amp-turn-meter I

63

This paper will discuss the performance of

each system, with the exception of the radia-

tion experiment package. Observed perform-

ance is compared with prelaunch or expected

data, where available, the observed anoma-

lous performance is discussed, and some

possible explanations axe given. The data

used here were reduced by the Relay Test

Stations and were provided to the Commu-

nications Operations Center at Goddard

Space Flight Center (GSFC). Figure 4-2,

a functional block diagram of Relay, shows

the major telemetry points used to monitor

*"Relay I Spacecraft," GSFC Doc. No. R1-0100,
11 August 1961.
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FIGURE 4-1.--Cutaway drawing of Relay spacecraft.

performance. Table 4-3 itemizes these quan-
tities. The spacecraft temperature history,
orientation, and spin rate characteristics of
Relay are discussed.

ELECTRICAL POWER SYSTEM PERFORMANCE

The electrical power system consists of a
P/N solar array and nickel-cadmium battery
combination which supplies power to loads
on an unregulated power bus and three regu-
lators. A block diagram of the electrical
power system is given as part of Figure 4-2,
which also indicates the voltage, current,

and temperature instrumentation. One of the
power regulators supplies the radiation ex-
periment, while the other two supply redun-

dant transponders. During normal opera-
tion of the spacecraft with the transponder
off, all current provided by the solar array

is used to support the continuous spacecraft
loads and to charge the batteries. During

conditions of light load, and when the bat-
teries are in trickle charge, the excess solar
array power is dissipated in a voltage lim-
iter. During operation of the wideband sub-

system, the solar array cannot support the
loads entirely and the solar array power is
supplemented by the batteries. During an
eclipse, of course, all power is furnished by
the batteries.

Immediately after launch, faulty operation
of the regulator for transponder No. 1 caused
the spacecraft to be in a low-voltage condition
which precluded any operation of the com-
munications system. A means was found to

avoid this undesired situation, and as of
February 1964 the communications system
had been operated for a total of 300 hours
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FIGUR_4-2.--Location

and the radiation experiments for 500 hours.

The transponder operations were typically

of 30 minutes duration,although some 45-

minute passes were performed as late as

December 1963.

The solar array has degraded essentially

as expected. The only failure apparent in

the electricalpower system was that follow-

ing Rev 548, battery No. 2 failed to charge.

From that time, the telemetryindicateda

steadydecreaseof batteryNo. 2 voltageuntil

itreached zero. This indicatesan open-cir-

cuitfailure in the charge control circuitry

for thisbattery.

Transponder No. 1 Regulator Failure

After the successful launch of the satellite,

radiation experiment data was gathered on

of major telemetry points.

the first orbit revolution. The radiation ex-

periment was commanded off after gathering

approximately four hours of data. It was
planned to conduct communication experi-

ments on Revs 004, 005, and 006 of the first

operational day, but before the first sched-

uled communication test on Rev 004, the
spacecraft telemetry transmitters were ob-
served by some ground stations to be turning

off and on. When the spacecraft telemetry

encoder was turned on during Rev 004, it
was found that transponder No. 1 was ON
and could not be commanded off, and that
the spacecraft was in a low voltage condition.

Unsuccessful attempts were made on the fol-
lowing revolutions to command the trans-
ponder off. Some usable telemetry data was

obtained on Revs 029 and 035, but not until
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TABLE 4-3.--Primary Spacecra/t Per]ormance

Telemetry Items

TM word

19

2O

21

22

24

26

28-2

28-3

28-4

28-5

28-10

28-11

28-12

28-13

28-16

28-17

28-18

28-19

Item TM word Item

Unregulated bus 28-21 Lower surface

voltage Temperature
Total battery current 28:24 TWT output power

Command 28-25 Battery no. 2

verification voltage

Active thermal 28-26 Battery No. 1-2

controller sensor temperature

temperature 28-27 Telemetry

WB-AGC-Main if transmitter No. 2

voltage power output

NB signal present 28-32 Beacon output power

Solar panel 28-33 Battery No, 3 voltag_

temperature 28 34 Battery No. 2-1

Battery pressure temperature

Voltage limiter 28-35 Command verificatior

current 28-41 Solar cell bus currenl

TWT No. 1 power 28-42 Battery No. 2-2

supply temp temperature

Solar cell panel 28-43 Command verificatior

temperature 28-44 Wideband baseplate

temperature

Radiation experiment 28-47 Transmitter L.O,

regulated bus output

TWT collector 28-50 Battery No. 3-1

temperature temperature

Power supply No. 2 28-51 Command verificatior

temperature 28-55 Transmitter imput

Regulated bus voltage signal power

Battery No. 1 voltage 28-58 Battery No. 3-2

Battery No. 1-1 lemperature

temperature 28-59 Command
Telemetry hans- receiver AGC

mitrer No. 1 16-17 Sun aspect indicator

power output

orbit Rev 107 did the spacecraft appear in

a normal state. Another operation of trans-

ponder No. 1 was planned for Rev 108 to
obtain additional data in an effort to under-

stand the regulator failure.

Figure 4-3 is a diagram of the high power

regulator for transponder No. 1, which is

also used as the switch to turn the system
ON and OFF. If either or both of the series

transistors, Q2 or Q3, is partially conducting,

a load will be partially on the bus. A failure
of either of these transistors or in the driv-

ing transistor Q4, or of the regulator con-

trol circuitry, could cause partial conduction

or full load. Laboratory tests by RCA*

showed that the transistors in question, Q2

and Q3, exhibited a high leakage condition

at low temperature. It was felt that by oper-

ating the transponder on Rev 108 and thereby

increasing the transistor temperature, this

condition could be alleviated and thereby

restore the spacecraft to normal health.

The planned operation was performed with

the resulting condition that transponder No.

1 was fully on and could not be commanded

off, as had been observed on Revs 004, 005,

and 006. The batteries discharged, as on the

earlier occasion, to the point where no useful

telemetry could be received. Telemetry data

taken some days later, on Revs 138, 139,

146, 154, and 155, indicated that the space-

craft was once again in a normal state. On

orbit Revs 161, 162, and 163 transponder No.

2 was successfully operated and the first

successful communication experiments were
performed with a ground station.

It was noted that some steady leakage was

apparent whenever the spacecraft was ob-

served, and that a high leakage was observ-

able immediately following turn-off of the

transponder. The transponder would turn

off smoothly and the regulated output voltage

would drop to some intermediate value and

then slowly decrease. It was observed at this

time that the higher the spacecraft tempera-

ture (as monitored at the thermal sensor)

the higher the leakage at the time of shutting

off the transponder. It was hypothesized,

from the meager data available, that the

"disastrous ON" condition would be possible

if the spacecraft temperature was above

28°C. In another section, it is shown that

the spacecraft temperature is highly depend-

ent upon the degree of overcharge of the bat-
teries. It was therefore decided to maintain

the temperature below 25 degrees by operat-

ing transponder No. 2 as much as possible,

thereby reducing the overcharge.

After a large quantity of data had been

accumulated on the leakage characteristics,
it was decided to determine whether there

was a positive correlation between the space-

craft temperature and the leakage condition.

The "disastrous ON" condition was observed

initially at a time when the sun aspect angle

was such that the base of the spacecraft was

not being illuminated; transistors Q2 and

*"Quarterly Technical Report No. 7, Dec. 1962-
Feb. 1963", RCA Doc. No. AED R-1859, 30 Apt
1963, pp. III-41-43.
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FmURE 4-3.--Schematic block diagram of wideband No. I regulator.

Q3 are located on the bottom of the space-
craft. Passes which had the same sun aspect

angle were considered to see whether a
correlation could be found between the

steady-state leakage condition and tempera-
ture, and between the "disastrous ON" con-
dition and temperature. The temperature at
the thermal sensor was taken as an average
maximum spacecraft temperature, and it was
assumed that during the revolutions con-

sidered in the analysis, the thermal gradients
through the spacecraft remained consistent.

Orbit revolutions from launch to 339 and

between the period 1700 to 1932 were con-
sidered in this analysis. The first orbit pass
of a given day was examined and taken as a
case where the spacecraft was in thermal
equilibrium. The batteries were always in
a state of overcharge at this time, and the

spacecraft temperatures stable. Leakage
values of the regulator output voltage were
compared with the spacecraft temperatures.
These results are shown in Figure 4-4.
Passes were selected carefully to assure (1)

RELAY I TEMPERATURE - _C

FIGURE 4-4.--Steady-state leakage of transponder

regulator vs. temperature.

that no anomalous command states existed,

or (2) no other subsystems were on, to affect
the thermal gradient. Figure 4-4 shows that

the steady-state leakage condition is definite-
ly affected by temperature and appears to
be greatest when the temperature is lowest.

Test results* ob_ined on the prototype

spacecraft power regulator No. 2 were ex-
amined and the leakage characteristic of that

*"quarterly TechniCal Report No. 7, Dec. 1962-

Feb. 1963", RCA D0cI:No. AED R-1859, 30 Apr

1963, pp. III-41-43.
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regulator was compared with the steady-
state leakage condition observed on Relay I.
The two curves are given in Figure 4-5 ; they
appear to have essentially the same slope.

- i ...... /t ---

-- i .....

5 10 t5 20 25 30

RELAY _ TEMPERATURE - aC
I J

-15 -10 -5 O 5 Y0 T_

PROTOTYPE REGULATOR NO. 2 TEMPERATURE - wC

F]cugz4-5.--Comparisonofsteady-stateleakage
andmeasurementsmade onprototypespacecraft.

For the prototype, regulator temperatures
were 15°C lower than spacecraft tempera-
tures, but since the power transistors are

located on the base of the spacecraft, it is
expected that when the sun is not shining on
the base, these transistors can be 15 to 20°C

lower than the thermal sensor temperature.
As previously stated, the turn-off of the

wideband system was followed by some
transient leakage rate different from the
steady-state value. The values noted imme-

diately after transponder shutdown are given
in Figure 4-6 versus spacecraft temperature.

It can be seen that high leakage rates are
apparent at low temperature, but are even
greater at high temperatures. The "disas-
trous ON" situation occurred when the space-
craft temperature was near or above 25°C.
The transponder has never been observed to
be in an undesired full ON condition at low

temperatures. It can be seen from Figure
4-34 that the "disastrous ON" condition ex-

isted when the spacecraft temperature was
above 27°C. The steady-state leakage curve,
determined in Figure 4-4, is also shown in
Figure 4-6 for comparison.

These data indicate that the low tempera-
ture and transient leakage condition could
have the same slope as the steady-state case.
These results confirm that some characteris-

tic of the Q2 and Q3 transistors causes high

0 $ 10 15 ?0 25 30

RELAYITEMPERATURE-_C

FIGURE4-6.--Instantaneous leakage of regulator at
shutdown of transponder No. 2 vs. temperatrue.

leakage rates at low temperatures. How-
ever, these data also show that aside from

these high values at low temperatures, a
"disastrous ON" condition occurs in the regu-
lator as a result of high temperature. With-
out detailed test data on the regulator in
question, it is impossible to determine

whether the malfunction of transponder reg-
ulator No. 1 was caused by the launch en-
vironment.

The leakage condition of the regulator, re-
gardless of whether it is caused by power
transistors Q2 or Q3, the driving transistor

Q4, or the control circuitry, demonstrated a
need for a positive on-off switch in the space-
craft. This change was incorporated in
Flight Model II and has completely elimi-
nated the possibility of the problem occurring
in that spacecraft (Figure 4-38).

Load Verification

Figure 4-7 shows the load current result-
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FIGURE 4-7.--Load current vs. time after wideband

No. 2 shutdown.

ing from the leakage after a typical shutoff
of transponder No. 2. Numerous calcula-
tions were performed to verify the electrical
loads observed in orbit and to compare these
with expected values. After determination
of the load current due to the wideband

leakage, fair correlation between the ob-
served and expected values was found as
listed in Table 4-4.

TARLE 4-4.--Comparison of Expected and Observed
Electrical Loads

Loads

Continuous and teJemetry ..................

Continuous, telemetry,

radiation experiment ...................

Transponder warmup .....................

Transponder fu]] on ........................

Current (amps)

Ex._pected I"Observed

0.55 J 0.55

0.80 ] 0 90

1.61 J 1.45
3.80 I 3,75

f

Solar Array Performance

From the test data available prior to the
launch of Relay, it was anticipated that the
solar array output current would be nomi-
nally 2.0 amps. In-orbit measurements, how-

ever, yielded an initial value of 1.7 amps. The
solar array has since then deteriorated with
respect to time as expected. This is shown
in Figure 4-8, which shows solar array out-
put current versus orbit revolution. The

predicted deterioration is also indicated, and
fair correlation is apparent between the two
values. A 9-volt power supply which supplies
power to all the current transducers and to
some of the temperature transducers on the
spacecraft has performed in an erratic fash-

ion. This is partly responsible for the fact
that some of the data points deviate from
the nominal value. The current transducer

also is temperature-sensitive, which requires
the indication of solar array output current
to be corrected for temperature. The output
current must also be corrected for sun aspect
or the sun incident angle of sunlight with
respect to the spin axis of the spacecraft.
Other variations apparent in the solar array

output result from variations in solar array
temperatures and distance from the sun.

The array temperature falls during the
eclipse seasons, and as array temperature
decreases, the output current likewise de-
creases.. Figure 4-9 presents the solar array
temperature as a function of duration of
eclipse. Figure 4-10 gives the solar array
output current at 28 volts as a function of
time after a 40-minute eclipse. This curve
was derived at a time when the array was

at 20°C and at an output of 1.15 amps.
The full-sunlight stabilized temperature of

the solar array is 20°C. When orbit revolu-
tions were examined to determine the array
output versus temperature characteristics,

slopes of 0.0037 to 0.0030 were found. A
factor of 0.0035 amp/°C was used to correct
the output current to the 20°C stablized con-
dition.

Since the P/N cells deteriorate markedly
due to the radiation environment, it was

recommended before launch of Relay I that
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NIP cells be utilized on Flight Models 2 and
3. The N/P cells are more resistant to the

radiation levels encountered by Relay and
could provide an extremely long lifetime for
Flight Model 2. Figure 4-11 gives a com-

parison of solar array versus days in orbit
for the P/N cells as measured on Relay I
and for N/P cells as derived from calcula-
tions based on the results obtained on Re-

lay I.
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Shortly after launch it was estimated that
Relay I was encountering 0.75 )< 101_ omni-
directional electrons with energies of 0.5 to

8 Mev per cm 2 per day and 1.1 )< l0 s omni-
directional protons with energies greater
than 30 Mev per cm _ per day. Of the total
electrons, 0.5 × 10 la are with energies from
0.5 to 1 Mev*. These estimates were made

for January 1963 and it should be noted that
the electron field has since lessened. The

N/P cells are approximately 20 times more
resistant to electron damage and 2.5 times
more resistant to proton damage than the
P/N cells used on Relay I.

at these low temperatures could cause gas
formation in the cells which in turn could

explode the batteries. Three battery cells are
instrumented with a pressure switch set at
500 psi and at no time during the operation
of Relay has the switch actuated. The pri-

mary guide to normal operation was an end-
of-discharge voltage of 23.5 as the cutoff
point for transponder operation. This value
was established from the known voltage
drops in the transponder regulators, so that
a full regulated output voltage of 22.5 could
be maintained.

FIGURE 4-12.--End-of-discharge voltage vs. orbit.

BATTERY PERFORMANCE

With the exception of the failure of the
No. 2 charge controller (Rev 548) adequate
battery performance has been observed. The
loss of battery No. 2 reduced the available
capacity; however, during the early full-
sunlight periods, four 30-minute operations
of the wideband transponder could be sup-
ported daily. The spacecraft was operated
during these initial full sunlight periods to

the maximum extent possible to reduce the
amount of overcharge. This in turn reduced
the spacecraft temperature to prevent the
full ON condition of transponder No. 1. Af-
ter the first eclipse season there was no diffi-
culty in keeping the spacecraft temperature
at a desirable value. The only concern then

was that the battery temperatures were as
low as --5°C. Overcharge of the batteries

One characteristic exhibited by the batter-
ies has been the so-called memory effect, or
the apparent decrease of battery capacity
with respect to charge and discharge cycles.
Figure 4-12 shows a decrease of almost 0.5

volt in the end-of-discharge voltage over a
period of 200 orbit revolutions or slightly
less than one month. These values were se-

lected from 30-minute passes for which the
battery temperatures were in the range of
26°C to 28°C. The memory effect decreased
the capacity of the batteries after continued
cycling to a point where the 23.5 volt cutoff
level was reached after 15 minutes of trans-

ponder opera_ion. Normally the spacecraft
could be operated 30 to 35 minutes before
reaching the cutoff voltage.

*Courtesy of Mr. E. G. Stassinopoulos, GSFC
Theoretical Division.
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It had been theorized that a deep discharge
of the batteries would eliminate the memory
effect. The loss of capacity of the cells was
blamed on a reduction in the effective plate

surface area due to loss of activity of the
cadmium plate surface. A deep discharge of
the batteries supposedly would remove the
inactive cadmium and thereby restore the
lost capacity.

Shortly after an eclipse on Rev 625, the

spacecraft was found to be in a low-voltage
condition, indicating that some load, such as
a transponder, had been ON and had dis-
charged the batteries to a very low level.
After the spacecraft had been allowed to

charge for one orbit revolution, the trans-
ponder was turned on. After eight minutes
of normal operation, the system voltage
dropped rapidly, causing the low-voltage
cutoff device (which operates when the volt-
age is 20 volts or lower) to function, turning
off the transponder. The bus voltage and
battery voltage for this operation (Rev 626)
are shown in Figure 4-13.

After the batteries were fully recharged,
it was observed after a 30-minute operation

of the transponder that the capacity of the
batteries had increased. A 30-minute pass
prior to this low voltage cutoff (Rev 602)
showed an end-of-discharge voltage of 23.5
after 30 minutes, while on Rev 633 the end-
of-discharge for that same operation time
was 24.2 volts (see Figure 4-14).

On Rev 663 the spacecraft was operated
for 39 minutes when the temperatures were

near the upper critical level. This caused the

28 ,.r_T_"
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FIGURE 4-14.--Battery improvement after low

voltage cutoff---orbit 626.

spacecraft temperature to increase further,
and once again the full ON condition of
transponder No. 1 resulted. After the space-
craft temperature had decreased and the
spacecraft once again returned to a normal

condition, it was observed by comparing Revs
657 and 711 that the capacity of the batteries
had once again been restored (see Figure

4-15).
During the period of orbit Rev 1127 when

the spacecraft entered its deepest eclipse
season, a continuous trickle charge condition
resulted. The trickle charge feature of the

7a

">_ 27

6
2> 26
>-

23

--TRANSPONDER ON ....... _....

, ll

I

,o -,,-- %--; ...... _-_--_,
TRANSPOND_ ON TTME-MIN

FIGURE 4-13.--Battery and solar bus voltage vs. FIGURE 4-15.--Battery improvement after recovery

transponder ON time---orbit 626. full ON condition---orbit 663.
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power system is activated by any of the fol-

lowing three conditions:

• Battery temperature above 32°C.

• Battery voltages below 25 v.

• Actuation of the pressure switch

During the period in question, the batteries

would discharge to a low level during an

eclipse, possibly as a result of additional

loads due to anomalous performance of the
command system. The normal continuous

loads were also sufficient to discharge the

batteries excessively during these long eclipse

periods. The resulting condition was that

the batteries could not be trickle charged

sufficiently to change to the full charge mode

at 25 volts, and therefore could not be fully

charged before another eclipse occurred. It
was necessary to send a series of off com-

mands to the spacecraft whenever it was

visible from the Relay Test Stations and

Minitrack Stations. This evidently reduced
the number of anomalous command states

and the batteries were able to charge fully.

After this recovery, it was observed that

once again an increase in battery capacity

was apparent. A comparison of the battery

discharge curves for Revs 1112 and 1160

(Figure 4-16) shows an improvement of 0.7

volts in the end-of-discharge voltage after a

25-minute pass.

TRANSPONDER ON [;ME MIN

Realizing that a deep discharge of the bat-

teries could improve the available capacity,

attempts were successful on several occasions

to run the transponder for a period of suffi-
cient duration to lower the voltage and there-

fore reduce the memory effect. These deep

discharges resulted in a pronounced increase

in battery capacity, even though the low-

voltage cutoff level was never reached. Fig-

ures 4-17 and 4-18 give comparative battery

discharge characteristics before and after a

deep discharge for two different time periods.

Once again the improvement in battery ca-

pacity is apparent.
The nickel-cadmium batteries used on Re-

lay exhibit a lower end-of-discharge voltage

28.0

27.0

26.0

25.0

24.0

23.0
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I
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FIGURE 4-17.--Battery characteristics before and

after deep discharge--orbits 1764 and 1769.
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FIGURE 4-16.--Battery discharge curves before and FIGURE 4-18.--Battery characteristics before and

after continuous trickle mode. after deep discharge--orbits 2155 and 2178.



74 RELAY I--PART I

and higher end-of-charge voltage at lower

temperatures. Figures 4-19 give some typi-
cal charge-discharge characteristics of nick-

T3
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FIGURE 4-19.--Nickel Cadmium cell--typical charge

--discharge characteristics.

el-cadmium cells and shows the dependence
of available capacity on temperature. This
temperature dependence has been observed

on Relay I, but is apparent only upon close
scrutiny. It is necessary to examine orbit
passes sufficiently similar that memory ef-
fects are eliminated. Likewise, one must

make certain that charging rates, leakage
rates and percent of charge are equal. Fig-
ure 4-20 illustrates how a comparison of
Revs 1237 and 1369, when the battery tem-
peratures were 1.5 ° and 8°C respectively,
fails to reveal a temperature effect. The dis-
charge curve for Rev 1369 has the same

shape as that for 1237, but is slightly lower.
This illustrates that there is less capacity
available for Rev 1369, although the tempera-
ture indicates that it should be greater than
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FIGURE 4-20.--Battery characteristics on orbits 1237 and 1369.
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for Rev 1237. This is a case where the mem-

ory effect predominates, even though the two

points in question are only 132 orbit revolu-

tions apart.

A case of maximum battery temperature
excursion was examined. Orbit Rev 988 was

compared with 1112, where the temperatures

were 26 ° and --3 ° respectively. The results

are illustrated in Figure 4-21 and show that

a higher end-of-charge and lower end-of-

discharge voltage is apparent when battery
temperatures are lower.

The performance of the batteries in Relay

has been good; the only changes incorporated

in the Relay II were lowering the trickle

charge voltage level to 20 volts and the addi-

tion of one celI to each battery. Observation

of the so-calIed memory effect indicates a

need for closer examination of the phenom-

enon and possibIy laboratory tests to provide

a better understanding of it. It appears at

present that the greatest improvement in

battery capacity is obtained by repeated

cycles of deep discharges, such as occurred

during the long trickle charge condition
around Rev 1130.

Power System. Duty Cycle

2_heduty cycle originally intended for Re-

lay consisted of 100 minutes per day of

transponder operation over three or four

consecutive orbit revolutions and three to

six hours per day of radiation experiment

operation. However, due to the initialfailure

and to continuous command system anom-

aliesthrough the operational lifetime of Re-

lay I,this planned operation scheme was not

followed.

As soon as the temperature-dependent

"full-on" load condition of transponder No. I

29.0

28.0

24.0

23.0 J

-5 0

ON

0.-,---.0 REV 1112 -3°C

REV98826°C

TRANSPONDER OFF

5 I 0 15 20 25 30

TRANSPONDER ON TIME- MIN

FIGURE 4-21.--Battery discharge characteristics--effects of temperature--orbits 988 and 1112.
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was apparent, the spacecraft was operated

to reduce the amount of overcharge and thus

the spacecraft temperature. When the first

eclipse season was reached and temperatures

were no longer a problem, the spacecraft

was operated for only one wideband pass per

day. There was some concern at this time

that excessive overcharge at the lower space-

craft temperatures might cause gas forma-
tion in the cells, causing the batteries to fail.

Much lower spacecraft temperatures were

encountered during the second eclipse sea-

son; during this phase the spacecraft was

operated to reduce the amount of overcharge.

The second full sunlight period, which began

in early March, showed that the temperature-

dependent failure mode of the transponder

No. 1 regulator still existed. Once again
the spacecraft was operated to the maximum
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FIGURE 4-22.--Accumulated transponder No. 2 operating time
compared with eclipse history.

extent possible. Even though battery No. 2
was no longer operable, four 30-minute trans-

ponder operations daily were possible. Fig-

ure 4-22 shows the accumulated operating

time of transponder No. 2 compared with
the eclipse history. Eclipse seasons result in

the compounded problem of less solar energy

available to charge the batteries and at the

same time lower temperatures, which are

caused partly by the shorter charging time

of the batteries, but primarily by the eclipse

itself. The rate of transponder operation is

obviously affected by the eclipse season. This

effect can be seen in Figure 4-22 where the

rate of accumulation of operating time de-

creases with time even during the fult sun-

light periods. There is less total daily

ampere-hour capacity, but operations of 30

to 45 minutes duration are still possible, if
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only one such operation per day isattempted.

Relay I is equipped with an electr0iytic

timer which has a nominal oper_n tii_eof

one year. This timer will disconnect the

solar bus when it functions, thus disabling

the spacecraft. The timer {s_t_emPer_turd

dependent, and it is estlmafeff_aaVfor the

temperatures it has encountered_hg nominal

operation time may have-been increased by

as much as a year. The nominal cutoff time

was December 1963, but-in-Novdrnber 1964,

the spacecraft was still functioning.

WIDEBAND COMMUNICATION SYSTEM

The Relay Communication system consists

of two completely redundafit-h:ansponders:

Each receives the 1725 Mc slgna], triples the
modulation index, and retransmits the signal

at a frequency of 4169.720 _c._-_gure _1--2_
shows the wideband transmitter. T]ae t_;ans-

ponder has a narrowbanffmo_n which it

can receive two simultaneous _ signals at
1723.33 Me and 1726.66 Mc°_l_ar_smit

them at 4164.720 and-4i7_i_720_cti_ely.
There is also a 40 mw cw-0ut_put at 4079.73

Mc which serves as a tracking beacon, In
the wideband mode, the tr_ins_o_er b:ans-
mits a nominal power of 10_w_s over a

bandwidth of 23 Mc. In the narrowband, or
two-way _ " " " -"mode, the bandwMth _s d_v_ded into
two 1.5 Mc channels.

PERFORMANCE 7"/

Transponder system No. 1 was not oper-

ated to any appreciable extent, due to the

failure noted in the preceding section. The

data discussed here covers the operation of

transponder No. 2.

By the end Of January, 1964, transponder

No. 2 was used for over 745 operations in
the conduct of wideband communication ex-

periments w_th the Relay participating
ground stations. Three hundred hours of

operating time had been accumulated on

transponder No. 2 with no apparent diffi-

culties. Ttie results from the communication
experiments and from all telemetry data

available indicate that the transponder per-

formance was essentially unchanged through-

out the operational year. Table 4-5 lists the

specified electrical performance of trans-

ponder No. 2 along with measured values

made prior to launch*.

The only anomalous performance observed

was on Revs 989, 1417, and 1710. On Rev

989 the input signal to the TWT dropped to

a very low value during the operation and
then recovered and rose to a normal value

at the end of the pass. The main IF AGC

voltage decreased in an almost identical

fashion and the TWT power output likewise

*"Completed Electrical Acceptance of Wideband

Repeater No. F1A (System No. 2, Flight Model 1),"

RCA Document, 11 Dec. 1962.

I

F[6URE 4-23.--Spacecraft wideband receiver block diagram.

L
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TABLE 4-5.--Electrical Performance Specifications

Measurement Specified Measured

Input power (de) .................

RF output power (at output of TWT)

Wideband mode ................

Narrowband mode (weakest NB

channel) ................. : __ _

Beacon ........................

Bandwidth (wideband mode), 1 db.

Noise figure ......................

Transmission tests ................

Wideband mode

300-channel noise loading ......

Noise power in top channel

(with pre-emphasis and

weighting). Ground delay.**

Linear .....................

Parabolic ..................

Television

Video ....................

Audio ....................

Narrowband mode

Narrowband noise loading .....

Noise power 24tb channel

(with pre-empbasls and

weighting)

Crosstalk ..................

Spurious cheek

_0w

10 dbw

3.54 dbw

23 dbm

23 Me

14 db

7500 pw*

0.294 ns/Mc

0.378 ns/Mc 2

As a design

goat, space-

craft shall be

transparent

for television

transmission.

Crosstalk shall

be 50 db down.

7500 pw*

31 db

All spurious

products shall

be 30 db below

wideband

output.

88,8 w

10.65 dbw

3.67 dbw

23.2 dbm

34 Me
14 db

_290 pw*

--0.35 ns/Mc

0.27 ns/Mc 2

No visible

effect on

video.

No visible

distortion;

crosstalk on

audio 65 db

doom.

1380 pw*

41 db

All products

30dbbelow

wldeband

output.

*This includes ground station and repeater.
**Wideband repeater only.

varied. These telemetered items are shown

in Figure 4-24. Normally there is enough

AGC to maintain transmitter drive levelhigh

enough for the TWT output power to be 10

watts. It is reasoned, therefore, that the

drop in transmitter drive, TWT output pow-

er, and main IF AGC voltage, as indicated in

Figure 4-25, was the result of some inter-

mittent behavior in the receiver local oscil-

lator. It also appears that the TWT was

functioning normally during this period and

was only following the input drive.

On Rev 1417 the 4080 Me tracking beacon

was observed to be erratic. The output power

of the beacon L. O. and the TWT remained

constant and at the normal level. However,

the transmitter drive varied considerably
during the period of erratic behavior, as
shown in Figure 4-26. The receiver main

IF AGC and TWT power output for this
revolution are given in Figure 4-27. The
command receiver AGC is also included in

Figure 4-27, showing that during the period
of erratic output of the beacon, the command
receiver AGC was high. The command re-
ceiver AGC is considered to be a measure of

RF interference in the spacecraft. It was
observed that when difficulties were en-

countered in commanding the transponder
off, the command reeeier AGC was excessive-

ly high. The Andover, Maine, ATT Ground

Station was tracking the spacecraft on Rev
1417 when the beacon exhibited the erratic

behavior. The beacon output was extremely
noisy and varied considerably in power out-
put. This power variation was reflected in
the antenna servo loop error and caused the
ground station antenna to oscillate. This

oscillation required switching to the pro-
grammed tracking mode.

As already mentioned, the command re-
ceiver AGC has been taken as a measure of

RF interference in the spacecraft. Most of
the time the interference has no effect what-

ever on the function of the spacecraft, but it
appears to interfere with reception of the
transponder OFF command. For this reason,
the transponder is commanded off while the
participating ground station is still trans-
mitting a carrier to the spacecraft. The car-
rier presence quiets the transponder system,

reducing RF interference in the command
receiver. Figures 4-28 and 4-29 show plots
of transmitter input and command receiver
AGC versus transponder ON time, and main
IF AGC voltage and TWT output power
versus transponder ON time, for Rev 1440.
During this revolution the command receiver
AGC was observed to increase to a high level

near the end of the pass. However, the in-
crease had no effect on the functioning of the
transponder or the tracking beacon.

Prior to operations on orbit Rev 1710, the
TWT output power as telemetered from the

spacecraft was nominally 10 watts. After
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this period of time (22 July 1963) the output
power measurement varied somewhat from

the nominal 10-watt value to as low as 8

watts. This condition has persisted since,
and efforts were made to confirm whether

the TWT output power had actually de-
creased of whether the characteristics of the

power sensing diode had changed. Correla-

tion of received signal strength at the ground

stations with the telemetered TWT output

power was not very close and generally it

was believed, on the basis of ground station

ii

f
20 25 30 35

TRANSPONDFR "ON" T_,E (_IN)

FIaURE 4-29.--TWT power output, AGC main IF

telemetry voltage versus transponder ON time--
orbit 1440.

data, that the TWT output was still nomi-

nally 10 watts. The power sensing diode
used to monitor this function is located in

a port of the wideband antenna and therefore

monitors the power output from either trans-

ponder system. Transponder No. 1 was op-
erated for a short period and it was observed

that the power output measurement was

equally low for system No. 1. It was con-

cluded from this exercise that the telemetry

sensing diode characteristic had changed, by

giving erroneous power output indications.

Since that time the power output measure-

ment has decreased further, although it

appears from ground observations that the

TWT output power is essentially unchanged,

Table 4-6 shows telemetered TWT voltages

from early orbit revolutions of January 1963

compared with orbit revolutions in January
1964. These indicate the TWT character-

istics have remained essentially constant dur-

ing the operational lifetime of Relay I.

Difficulty has been encountered in measur-

ing the TWT cathode voltage because the

leakage of transponder regulator No. 1,

while system No. 2 is operating, causes a

change in the telemetry voltage for this item.

This is also true of several other telemetered

items from the spacecraft. Cathode voltage
measurements observed from Revs 2900 to

3100 were examined and it was shown that

measurement likewise reflects the sum of the
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TABLE 4-6.--TWT Parameters for Early and Recent
Relay Passes Transponder No. £

Orbit

rev

231

262

285

230

2970

3001

3017

3O94

Cathode voltage

(volts)

95O
95O
95O
95O

g50

95O

95O

95O

Helix voltage

(volts)

2OOO
2OOO
2OOO
200O

2OO0
2OOO
2OOO
2O0O

Collector current

(ma)

43.7

42.5

42,5

42,5

44,5

44.5

44 0

44.5

the cathode telemetry voltage was indeed a
function or regulated bus voltage. Calibra-
tion data which gives cathode telemetry volt-
age as a function of regulated bus voltage
for constant values of cathode voltage were

compared with the measured data. This com-
parison is shown in Figure 4-30 and shows
that the cathode voltage has an essentially
constant value of 950 volts.

The partially ON condition of transponder
No. 1 is also reflected in the main IF AGC
telemetry voltage. This effect led to diffi-
culty in accurately determining from te-
lemetry the received signal level at the

spacecraft. When both transponders are off
it is readily apparent that some AGC voltage
is indicated, with the value dependent on the
regulated bus voltage measurement. The
regulated bus voltage measurement gives the
sum value of the voltage output from both
high-power regulators. The AGC telemetry

4.C

CATHO E VOLTAGE - IO(OV

2"2.5 23.0 23.5 24.0 24.5 _ 25,0 25,5

REGULATED BUS VOLTAGE

FIGURE 4-30.--Comparison of TWT cathode voltage

and regulated bus voltage for orbits 2900 to 3100.

AGC voltage present in both transponders.

Examination of many revolutions where leak-
age was apparent and when transponder No.
2 was on with no carrier illuminating the
spacecraft yielded the data indicated in Fig-
ure 4-31. The spacecraft was illuminated by
a ground station utilizing programmed steer-
ing, in order to determine whether this

transmitted signal was reflected in the AGC
during the time when both transponders
were off although the leakage rates were suffi-
ciently high to indicate a relatively high level
of AGC voltage. The ground transmission
test showed that the carrier presence had no
effect. Considering that the no-carrier-pres-

ent level of AGC voltage for transponder No.
2 is 1.5 volts (pre-launch value), it was
reasoned that any AGC voltage above this
value was contributed by leakage of the regu-
lator for transponder No. 1. On this basis,
a linear correction factor was derived, as
shown in Figure 4-32, from which the appli-
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_ 0.9

Z

_ 0.8

0.7

0.6

0.5
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OL_J I I A 1 I I 1 I _ | I__-1--
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REGULATED BUS VOLTAGE - VOLTS

FIGURE 4-31.--Main IF AGC (no carrier present)

voltage versus regulated bus voltage.
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FIGURE 4-32.--Correction factor for AGC main IF

voltage.

The received radiated power at the space-
craft was calculated using the following re-
lationship:

where

Sr

P_ _--
Gt

R --

2 GS__p,G,I ____I_a
14=RI L

Received signal strength
Ground transmitted power
Transmitter antenna gain
Wavelength
Slant range (ground station to

satellite distance)
G_ _ Spacecraft receiving antenna gain
L _- Losses

The results of this exercise are shown in
Figure 4-33 and indicate that the method

of correcting the AGC telemetry voltage is
accurate and also that the AGC calibration

is essentially unchanged from the time of
launch.

Several other telemetered wideband func-

tions were examined for the period of Janu-
ary 1963 and January 1964 indicating that
the wideband system performed essentially
without change. Table 4-7 shows the tele-

metered signal-present indications for sev-

cable correction could be determined in rela-

tion to the telemetered value of the regulated
bus voltage. The correction determined in
this way is subtracted from the telemetered
AGC voltage, yielding a correct indication of

the power of the signal received at the space-
craft.

To determine the validity of this correction
factor, up-link power tests were performed

with a ground station and the spacecraft.
Calculated signal strength values were
plotted versus the corrected AGC telemetry,
and these in turn were compared with the
AGC calibration curve. The ground station
transmitted power was varied from a low

level (250 watts) when the slant range dis-
tances were the greatest and increased to

the normal 10 kw level when the ranges were
the closest. This procedure yielded a maxi-

mum excursion of the received signal at the
spacecraft. This exercise was performed on
several occasions.

4.0

3.0

>
>-

2.0

-.%

_z

1.0

CALCULATED SIGNAL STRENGTH
VS CORRECTED AGC

TELEMETRY

.... AGE TELEMETRY CALIBRATION

CURVE

I I
-50 -4O -3O-I00 -90 -80 -70 -60

RECEIVER INPUT (dbm)
RECEIVED SIGNAL STRENGTH

FIGURE 4-33.--Corrected AGC voltage versus calcu-

lated signal strength compared with AGC calibration.
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FIGURE 4-34.--Relay I temperature and eclipse history.

eral wideband functions for selected orbit

revolutions over the operating lifetime as
compared with the prelaunch nominal values.

TABLE 4-7.--Comparison of Signal Presence Indica-
tion for Some Wideband Items

Item t

Beacon output to TWT. I

Transmitter [
Local Oseillator q

TWT input [

Signal power ........ 0.,'

Temperature .......... 0

I Rev I Rev

o o., o.1,

Rev Rev

3100 3258

1.57 1.56

1.76 1.72

0.23 0.14

7.0 , 13.7

TEMPERATURE AND ECLIPSE HISTORY

The spacecraft temperature is a function

of many parameters; the most important of
these is the fraction of time the spacecraft
spends in the shadow of the earth. Other
significant parameters are amount of energy
reflected and emitted from the earth, opera-
tional duty cycle of spacecraft, orientation
of the spacecraft with respect to the sun, and
the variation of the earth-sun distance. All

of these parameters, but particularly opera-
tional duty cycle, influence the temperature
distribution within the spacecraft and tem-

perature variations during an operational

day in addition to the average overall tem-
perature. Figure 4-34 gives the temperature
and eclipse history for Relay I. The tem-
perature indicated represents an average
value for the thermal sensor (batteries are
almost the same).

The amount of shadow or eclipse encoun-
tered by the spacecraft during the year var-
ied from full sunlight to maximum eclipse
durations of 50 minutes (73 percent sun-
light) out of an orbital period of 185 minutes
(Figure 4-34). This variation was sufficient
to cause a change of about 20°C in the space-
craft temperature. Long eclipse periods also
limited the duty cycle of Relay I due to re-

duced total power from the solar cells. Since
the primary variation of the spacecraft tem-
perature is the overcharge state of the bat-
teries, the reduced solar power was partly
responsible for lower temperatures. These
factors have an additional effect on the tem-

perature distribution of the spacecraft as
well as on the variation in temperatures seen
during an operational day.

The spacecraft has an active temperature
control system which consists of louvers
controlled by a temI)erature sensor; the lou-

vers move from fully open to fully closed in
response to a temperature change of 15°C.
This is not instrumented in Relay I so that
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there is no telemetry indication of the opera-
tion of the thermal controller.

During the operation of either the commu-
nications subsystem or radiation experiment,

the spacecraft temperature varies by several
degrees. Figure 4-35 gives the temperatures
of the thermal controller sensor and batteries

during three typical operating days, and also
shows the influence of the degree of over-

charge on the temperatures. The tempera-
tures are highest when the spacecraft is
acquired on the first pass of an operational
day, after the batteries have been in over-

charge for several hours. The significance of
the overcharge-temperature is illustrated on
Rev 810 (Figure 4-35) when the spacecraft
was acquired with the radiation experiment
ON, thereby eliminating the overcharge con-
dition of the batteries. The decrease in tem-

peratures from pass to pass during an

operational day can be seen to result pri-
marily from discharge of the batteries which

removes the overcharge heat-producing con-
dition.

During a normal operating day the space-
craft is acquired with fully charged batteries,
having been in overcharge for perhaps sev-
eral hours. This period of overcharge causes
increased temperatures of the batteries and

adjacent items. In the "normal operating
day" examples of Figure 4-35, the highest
temperature is at the battery, the thermal
sensor is next, and most of the rest of the
spacecraft is at around 13°C. It is assumed
that the temperature of the batteries at

acquisition, about 27°C on the first pass of
the operational day, is near the overcharge-
equilibrium temperature of the batteries.
The transponder is then operated, causing
partial discharge of the batteries and there-
fore eliminating the overcharge condition.

The batteries do not change temperature
appreciably during the first transponder op-
eration of the day. The rest of the spacecraft
heats up during the operation as a result of
normal component operation and thermal dis-
sipation.

During the time between the end of the
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first operation and the start of the second,

the batteries are being charged but do not
reach the overcharge condition With its at-
tendant heating. They c_bi-by 7 ° or 8°C
during this 21/_-hour period. The tempera-

ture_variations during the rest-_)fthe opera-
tional day can be account ed_for--bythe same
mechanism•

Some time before Rev 8][0, the radiation

experiment was turned on by-an:omalous
command. The consequent electricaI Ioad
prevented the batteries from reaching-the

overcharge condition, and the acquisition
temperatures were much lower than usual

(Figure 4-35). A similar effect has been
noted at various other times• Unusual and/or

anomalous duty cycles of the spacecraft are
reflected in the temperatures.

The spacecraft temperature variations of
Figure 4-35 illustrate the effect of duty cycle
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on temperature during-the period of March

25 through March 28 and are similar to the
trends seen at-all other times. During other
full sunl_riods and during eclipse sea-
sons, the averag_ temperatures may not be

as high nor the daily variations as great, but
the pa_tern _is similar•

The daily variation of the active thermal
sensor tempera_dre-dur]ng a three-day period
for each of t_ef0fir _uI1 sunlight seasons is
shown in Figure 4-36. The daily variation
during the March season was greater than
during other seasons and was caused by a

longer duty cycle. The lower overall tempera-
tures seen during the August full sunlight
season were caused by decreased solar cell
efficiency (wi_h consequdn_ lower battery
charge and reduced overcharge) and by the
change in spacecraft attitude which removed
sunlight from the lower surface. The above
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two factors did not change appreciably from
the August to the November full sunlight
season, but the thermal sensor temperature
during the latter season was about 4°C
higher. Other spacecraft temperatures did
not show this 4°C difference but were about
the same. The fact that the batteries and

thermal sensor were warmer during the lat-
ter period indicates increased electrical ac-
tivity (charge and discharge of batteries).
This might be attributed in part to different
battery characteristics (variation in battery
capacity due to so-called memory effect) but

more probably the increased electrical ac-
tivity was possible due to a change of re-
flected solar energy from the earth (albedo).
The coincidence of a sub-satellite perigee
point and subsolar point causes a significant
increase in albedo radiations. Since the pre-
cession of perigee does not have a one-year
period, the spacecraft should show a long-
term variation in temperature depending on
how the lattitude of perigee varied with re-

spect to the latitude of the sub-solar point
(i.e., time of year). The latitude of perigee
was closer to the sub-solar latitude during
the November full-sunlight season than dur-
ing the August full-sunlight season.

TELEMETRY, TRACKING AND

COMMAND SYSTEM PERFORMANCE

The telemetry system consists of an en-
coder and two transmitters on frequencies
of 136.140 and 136.620 Mc. Both transmit-

ters can be on simultaneously, with one pro-
viding a cw signal for tracking purposes and
the other the encoded telemetry data. The
horizon scanner can also modulate the tele-

metry carrier, although not while the encoder
is on.

The telemetry system is Pulse-Code-Modu-
lated (PCM) at a rate of 1152 bits per
second. Each telemetry word consists of nine
bits, so that there are 128 main telemetry
words. Most of these are used to telemeter

information from the radiation experiments.
Only 10 of the main frame words are used
for monitoring spacecraft performance. One
of these is subcommutated into 64 channels,

which are all primary spacecraft measure-
ments.

Two PCM/PDM/AM command receivers
in a redundant configuration are used in the

spacecraft to control power to the experi-
ments and to switch spacecraft systems. The
carrier frequency is approximately 150 Mc.
The command system has provision for re-
ceiving 20 different commands. Two redun-
dant decoders within the command system
allow normal execution of the received com-

mands with either or both decoders operative.
From the time of launch, command system

anomalies have been persistent. A command
state anomaly is defined as a state of the
spacecraft system not resulting from trans-
mitted commands. Observations of these

anomalies has led to the belief that the pri-

mary causes are:
1. RF interference generated internally in

the spacecraft, primarily from the wideband
system.

2. The command and telemetry systems

share a common antenna through a hybrid,
and insufficient rejection allows the telemetry
signal to feed back into the command system.

3. The command receiver sensitivity is

such that any signals near 150 Mc will open
the squelch circuit allowing any internally
generated noise to enter the system.

4. The command system requires a posi-
tive voltage for maintaining an OFF com-
mand state. A system voltage decrease to a
low level, as occurred during deep eclipses,
often resulted in command state changes.

Figure 4-37 gives a frequency histogram
of all command anomalies observed from

launch through Rev 2850. These are com-
pared with the spacecraft temperature and
eclipse history; there does not appear to be
any relationship between the temperature

eclipse environment and the anomalies. Each
bar indicated in the histogram represents a

period of 20 orbit revolutions. It can be
seen that beginning in September 1963, an

increasing number of command anomalies
occurred. The situation became so serious
that NASA Minitrack Stations were utilized

to send a series of normalizing and OFF
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commands to the spacecraft whenhlrer visi-

biIity existed. This procedure was instituted
in December 1963 and only six command
anomalies were observed during that month.
Table 4-8 gives a summation of the command

state anomalies for each month through De-
cember 1963.

The command system performance on Re-
lay i led to several recommendations for

Flight Model 2. These were as follows:
1. A rejection filter added to the command

and telemetry antenna to prevent any tele-

metry s!gnals from reaching-the command
receiver.

2. Ferrite beads and braided shielding in-
corporated on the input leads to the TWT

to eliminate the Primary source of RFI.
3. Modifications in the squelch circuit to

desensitize the Command receivers.

- 4.'SYstem changes to Provide a posftlve
voltage for an ON command state and zero

voltage for an OFF command state.

These changes have been effective in elim-
inating command system anomalies on Flight

Model 2. As of the time of writing, Relay II,
after___ well over a month in orbit, experience d
no command system anomalies. It was noted
in the section covering the electrical system

performance that changes were made in

FIight ModeI 2 to provide a positive OFF
command for the wideband system. This was
accomplished by the inclusion of magnetic
latch relays _hat must be energized to pro-
vide the unregulated bus input to the voltage
regulator for the transponder.* Figure 4-38
is a block diagranh of the regulator and com-

mand system interface. It can be seen that
a positive ON command will provide a signal
to the solid-state switch in the regulator and
also provide a pulse for latching the relay
in the ON position. Likewise removal of the
positive ON state will turn off the solid state
switch and provide a pulse for disconnecting
the relay.

SPACECRAFT ORIENTATION

It was intended to determine the orienta-

tion of Relay periodically from the horizon
scanner and sun aspect sensor. This informa-
tion was to be used to update the predictions

of the spacecraft look angles. The wideband
antenna gain, both receive and transmit, is
a function of look angle. The look angle is

*"Quarterly Technical Report No. 8, March 1963-

May 1963," RCA Document No. AED R-1978, 22

July 1963, pp. II-43-45.

I
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TABLE 4-8.--Summary of Command Anomalies

Dec 13

1962 Jan Feb MarApr May June July Au! Sept Oct Nov Dec TotaJ

Radiation ON .......................... 2 1 3 1 7 3 1

Radiation OFF ...............................................................

Horizon scanner ON ................. 1 ..................... 1
Narrowband mode ............................... 1

Widehand mode ................................................ 1

Transponder No. I ON ............... 2 1 .... 1 _. 2

Transponder No. 2 ON ................ ,__ _, .... , ...... _ ...........
Load cutoff override .................. 1 2 2 4 3 4

Mod TLM XMTR No. I ................... 3 2 ___ 1 3

3 6 13 7 ..... 47

1 1, .... , .... , - , .....

1 __. 2 2 11 6 1 26

1 2 4 10 5 ..... 23

....... 1 1 4 4 ..... 11

......... 1 2 1 ..... 10
1 .... 1 2 .... 2 ..... 6

2 2 3 7 7 5 ..... 42

3 1 3 6 13 3 ...... 38
Mod TLM XMTR No. 2 ............. , ....... , .... , ..... , .... , .... , .........................................
Current coil positive ....................... 3 ....... 3 4 3 .......

Current coil negative .......................... 1 ......... 2 2 __ 1 2

Eneoder ON ................................ 2 ....... 3 1 1 1 7
Eneoder OFF

...................... , ....... 1-- - , ..... , .... , - --1 .... i .... ,-- _ 1

Both TLM transmitters ON ............ ! 4 .... 3 2 3 3 1 8 8

Both TLM transmitters OFF ....... 1 1 1 4 1 _- _ 2 2 5 5

TLM transmitter No. 1 ON/

No. 2 OFF .................... 1 1 __ 2 1 4 .... 1 1 1

Transponder No. 2 OFF .............. , ....... , .... ,........................................

Total ............................. 7 20 6 16 17 33 20 11 40 57

4 9 5 ..... 31
4 8 5 2 27
4 5 4 1 29

2 _ __ 2 .... 5

12 5 2 51

5 I0 .... 37

3 ...... 15
1 1 .... 2

103 65 6 401

the angle between the spacecraft spin axis

and the range vector from any ground sta-
tion. Had the look angles deteriorated to the

point where adequate communication experi-
ments could not be performed the attitude

control system on Relay would have been
operated to obtain a more desirable orienta-
tion. However, with the exception of Rev

155, the horizon scanner never yielded use-

_ _Ss_ s "ATE

LOAD

COil

DRIVES , *V=ON

LOW VOLTAGE

-- CUTOFF (EVE.O|

tVCO
2 MIN TIMER

3 M/N TIMER

NORMAL

COMMANDS

FIGURE 4-38.--Block diagram of interface of HP

regulator (flight model 2) with command system.

ful data. Sun aspect data:and horizon scan-

ner data on orbit 155 yielded a spin axis
declination of --68.3 degrees, and a right as-
cension of --56 degrees. The nominal values
are --69.7 degrees and --63.5 degrees respec-
tively. The data from this examination gave
an attitude that differed from the nominal

predicted attitude by 2.5 degrees. Fortu-

nately, the orientation of Relay through its
operational lifetime has been such that it

has provided excellent radar look angles for
all stations, agreeing closely with those cal-
culated before launch.

The attitude control system, which consists

of a torquing coil, was never employed al-
though the coil was found to be ON in both

positive and negative modes occasionally due
to command system anomalies. Due to the
long operation time constant and since the
coil was turned on randomly in both the posi-

tive and negative directions, it was felt that
this had no net effect on the spacecraft ori-

en_tion. The_ measured magnetic dipole
moments of the torquing coil when operating
are --1.68 and +1.53 ampere-turn meter 2.
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The sun aspect indicator is used to meas-

ure the angle between the sun direction vec-

tor and the spacecraft spin axis. The values
measured over the first3500 re_edlutionSare

given in Figure 4-39. The two data points

at 84 degrees have been ignored since it is

obvious _that_t_e w/lue forRev _2500 is in

error._ Aiso::_dica_ed ]n _:l_is-figureis the

nominai nonp-erturbed Sun aspect, for Com-

parison. The nominal curve is derived from

the following relationship .........

cos0=sinB,sinS_+cosS,cosS=cos (a=--_)

where

---- Sun look angle

8= _ Declination of the sun

a, ---- Right ascension of the sun

8a = Declination of spacecraft spin axis

a_ -- Right ascension of.spacecraft

spin axis " "

The prelaunch nominal values given above

for the spacecraft spin axis declination and

right ascension were used to generate the

nominal curve. Analysis of the error between

the predicted and actual sun aspect angles

89

i

is difficult, since the error can be due to a

drift in either the right ascension or declina-

tion of the spin axis. If minimum errors in

declination and right ascension are assumed,

the total can be as great as 3.5 degrees. If
the error is considered to be in declination

only, it can be as much as 5 degrees.

The observed error, or difference in the

actual and nominal attitude, can be equated

to the angular momentum of Relay. If one

considers the error to be in declination only,

the resultant momentum required to produce

it can be expressed as a function of time.

The derivative of this function will then yield

the torque required to produce the resultant

error. This type of analysis yields a maxi-

mum disturbance torque of 2 X 10 -_ foot-
pounds. Considering theconfiguration of the

Relay spacecraft, ]t is apparent that solar

pressure could Cause Some deviation of the

attitude. However, the most probable cause

is the effect of gravity _adierit. It is reason-
able to assume that thet0tal error in the

spacecraft attitude is primarily due to grav-

ity gradient with solar pressure responsible
for some effect.

SPIN RATE

The spin rate of Relay has decayed from

the initial value of 167.3 rpm to 151.85 rpm

over a period of 3284 orbit revolutions or
1.15 years (see Figure 4-40). The principal

mechanisms which cause spin rate decay are
hysteresis losses in magnetic material and

induced eddy currents. The results given

below assume that the primary cause of the

decay is damping from eddy currents. Ex-

plicit expressions have been_developed which

describe retarding torques due to eddy cur-

rents in a thin shell of conducting material

rotating in the earth's magnetic field. These

show the spin rate to decay exponentially

with time. Because most satellites have a

complex structure, a segmented outer skin

with broken current paths, and numerous

small metallic containers, it is extremely diffi-

cult to predict analytically the exponential

time constant.
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FIGURE 4-40.--Spin rate decay of Relay I.

35OO

Assuming the spin rate decay indicated in
Figure 4-40 is primarily from eddy current
damping, the following expression results

co---ooe-t/r

where

: Spin rate at time t

=o ---- Initial spin rate, 167.3 rpm
t ---- Time in years

---- Time constant 11.9 years

Examination of the spin rate curve shows

that around Revs 600, 1700, and 3000 a pro-
nounced change in the decay rate occurred.

The first rate change was evidently caused
when the battery No. 2 charge controller
failed, eliminating Battery No. 2 from the
system. This apparently had the effect of

changing the eddy current situation in the
spacecraft. As it turns out, this failure oc-
curred when perigee was in the extreme

southern latitude. The other two points of
change comparison, Revs 1700 and 3000, are
at times when perigee was in the extreme
northern then again southern latitude (see

6O ....

. f-

o ' /o / /

u

_o
• /

6O - 5OO 10O0 1500 7OOO 2500 3OOO 350O

RELAYI - ORRITREVOLUTIONS

DATE 196_, 1963, 1964

FIGURE 4-41.--Geocentric latitude of perigee.

Figure 4-41). The spacecraft experiences
maximum interaction with the earth's mag-
netic field when perigee is in the extreme
northern and southern hemispheres. This

circumstance apparently has been responsi-
ble for the changes in decay rate. However,
the spin rate decay examined over the 11.9

year time constant, would show an exponen-
tial decay and the minor variations due}o

perigee location would not be apparent.

AUTHOR. This chapter was written by
D. E. KENDALL of Space Technology Labor-
atories, Inc., Redondo Beach, California,
U.S.A. _ender contract NAS 5-1302 with

NASA/Goddard Space Flight Center.



Chapter 5

The Microwave Repeater

-:_...._ GENERAL DESCRIPTION

The Communications Mission

The main objective of Project Relay was
to provide a high quality communications
link to experimentally verify the feasibility
of microwave communications via an active

spacecraft repeater.
Thus, it was decided that the Relay I

spacecraft would be used in either of two
ways. The first was to transmit traffic in

one direction, where the specific traffic objec-
tives were 300 voice channels or one 3-Mc
video channel with sound subcarrier. The

second was to transmit two-way traffic (9_4
total voice channels) originating at two dif-
ferent ground stations through the same
repeater. The baseband associated with this
narrowband mode traffic extended from 12

kc to 108 kc. The spacecraft specification
required transmission of twelve voice chan-
nels in one direction, using a baseband of
12 kc to 60 kc. An additional twelve channels
were transmitted in the reverse direction

through the second narrowband using a
baseband of 60 kc to 108 kc.

To meet the latter objectives, a dual-mode,
active, heterodyne repeater was designed to
maintain near CCIR transmission standards.

Repeater Functions

The microwave repeater received fre-
quency-modulated signals from one or two
ground stations, amplified these signals,
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tripled their deviation and retransmitted
them. A block diagram of the wideband
subsystem is shown in Figure 5-1. The
weight allocation of the total spacecraft, plus

the low weight designs achieved for indi-
vidual elements, permitted redundant design
in which all active repeater elements were
supplied in duplicate.

The microwave antenna received the right-

hand circularly-polarized carriers, trans-
mitted from one (or two) ground stations,

at 1725 Mc (or i723.33 Mc and 1726.67 Mc).
These carriers were divided in a 3-db hybrid
and fed to each of two receivers. The re-
ceivers converted the carriers to a 70-Mc

intermediate frequency (IF) using AGC to
control the IF level.

Each receiver had dual modes of operation.
In the first (single-station mode), the ampli-
fied IF signal was tripled to 210 Mc, trans-

lated to approximately 4170 Mc, fed to the
traveling wave tube, amplified, and trans-
mitted through one of the two parts of the
microwave transmitting antenna. The output

of a beacon oscil!ator, for use in tracking,

operating at approximately 4080 Mc, was
fed into the beacon coupler and was also

amplified by the TWT. Each of the wideband
subsystems was served by a separately regu-
lated power supply, to achieve redundancy
of the active elements.

In the second (or two-station) mode of

operation, the two signals which are offset
in frequency were separated into different
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FmURE 5-1.--Wideband subsystem block diagram.

l TRANSMITTINGJ

ANTENNA
(DUALPORT)
4169.72Mc

channels at the output of the 70-Mc IF

amplifier. Each channel included a limiter

to set the level. After limiting, the signals

were tripled to 205 or 215 Mc, depending on
the channel, and then recombined. The com-

bined signal was then translated back to the

4170-Mc band and subsequently amplified by

the traveling-wave tube. The purpose of the
dual-channel mode was to set the level of

each channel, and avoid unwanted products
which would occur if the two signals were

tripled together. :

Specifications

The repeater performance specification* is
summarized in Table 5-1. The items covered

in this specification include the general con-

figuration and the detailed performance spe-
cifications.

Basic Design Considerations

General

The block diagram of an individual re-

*These specifications are described in detail in the
NASA/GSFC DOCUMENT, "Project Relay Per-
formance Requirements," R1-0130.

peater (minus the traveling wave tube and

its power supply) is shown in Figure 5-2.

The following basic considerations resulted

in this specific configuration.

Heterodyne Repeater

A heterodyne repeater provided controlled

amplitude and group-delay characteristics
in the IF capable of amplifying and retrans-

mitring FM with very low distortion of the

baseband information. It also allowed max-

imum use of solid-state components for low

power drain and high reliability.

The state-of-the-art did not permit achieve-

ment of the desired 10-watt amplitude power-

level required, using all solid-state compo-
nents. Also, earlier work* had demonstrated

the feasibility of designing light-weight,

high-gain, high-efficiency traveling-wave

tubes capable of withstanding spacecraft

launch environment and of operating reliably

*H. R. Mathwich, J. D. Kiesling, "A Reliable
Wideband Transmitting Amplifier for Space Appli-
cation," Conference Proceedings 1962 National Win-
ter Convention on Military Electronics, p. 378 and
appendix.
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TABLE 5-1.--Summary of Performance Requirements--Microwave Repeater

I. EQUIPMENT llI. ANTENNA SUBSYSTEM

The .Microwave Repeater will consist of two complete separate trans-

ponders, a single-port receiving antenna, and a two-port transmitting

antenna. Only one transponder shall operate at a time, with the

second unit available as a back-up.

Each transponder will contain the following major units:

a. Receiver

b. Transmitter

c. Tracking Beacon

II. GENERAL SYSTEM CONSrDERA TIONS

A. Receivedsignal (at spacecraft antenna)

I. One-way (wideband) transmission

Signal strength ......................... -40 to 60 dbm

Frequency ............................. 1725 Mc

Bandwidth ........................... 14 Mc max.

Modulation ........................... FM

Polarization ........................... RH circular

2.

-40 to -80 dbm

Two-way (narrowband transmission

Signal strength (each carrier) ............

Max. differential signal strength .........

Frequency ............................

Bandwidth (each carrier) ...............

Modulation ...........................

B. Radiated signal

I. One-way transmission

Effective radiated power ...............

Frequency ............................

Bandwidth (obtained by multiplying the

received signal modulation index by a

factor of three).

Polarization ...........................

"2. Two-way transmission

Effective radiated power (each carrier)__

Frequency ........................

Bandwidth (each carrier--obtained by

multiplying the received signal modula-

tion index by a factor of 3).

Polarization ...........................

3. Tracking beacon

Effective radiated power ................

10 db

1723.333 Mc

1726.667 Mc

1.5 Mc

FM

5 watts min. over

the _ look angle

from 40 ° to 115 °

4169.72Mc

23 Mcmax.

LHcircular

1.6 watts min. over

the _b look angle

from 4(Y' to 115 °

4164.72 Mc

4174.72 Me

2.5 Me

LIt circular

Frequency ...........................

Polarization ........................

Radiation pattern ..........................

Assymetry about spin axis ................

Feed losses ...............................

Polarisation

Receive .................................

Transmit ................................

Axial ratio ................................

VSWR

Receive .............................. _ - -

-- 1 db, with respect

to isotropic, for

0 from 40 ° to

115 °

1 db (peak-to-peak

gain variation)

1 db max

RH circular

LH circular

5 db max. overlook

angle 35 ° to 120 °

2.0:1

Transmit ................................ 1.5:1

Isolation ................................. 16 db rain. between

transmit and re-

ceive ports

IV. RECEIVER UNIT

A. Input characteristics

Input frequency

One-way .............................. 1725.00 Me

Two-way .............................. 1723.333 Mc and

1726.667 Mc

Frequency stability ....................... ± .002%

Bandwidth (referred to input)

One-way transmission

I db BW 14 Me mln.

3 db BW 20 Me rain.

Two-way transmission

1 db BW ............................ 1.5 Mc min.

3 db BW ............................ 2.0 Mc min.

Image rejection .......................... 20 db rain.

10 mw, referred to

a ]inear antenna

at any orienta-

tion normal to

direction of prop-

agation over the

look angle of 40 °

to I15 ° (200 mw

into an antenna

with a 13 db

axial ratio)

4160.72 Mc

LII circular

Noise figure (including input hybrid) .......

Dynamic range ..........................

B. Output characteristics

Output frequency

One-way ..............................

Two-way ..............................

Bandwidth (1 db) after tripling ............

Group-delay (over 23 Mc output bandwidth)

Parabolic ..............................

Linear ...............................

Ripple .................................

Spurious response ........................

V. TRANSMITTER UNIT

Saturated RF power output .................

TWT efficiency ............................

High voltage PS. efficiency .................

Spurious outputs ...........................

VI. BEACON UNIT

Frequency .............................

Power output ............................

Incidental phase modulation

at less than 100 cps rate ..................

above 100 cps rate .......................

14 db max.

--40 to --80 dbm

4169.72 Mc

4164.72 Mc and

4174.72 Mc

23 Mc

50 X 10-* sec.

5 X 10 -° see.

5 X I0 -9 see.

30 dbbelowdesired

signal

10 w min.

21%

80%

25 db (rain) below

desired signal

4079.73 Me

+23 dbmtypical

less than 0.1 rad

less than 0.4 rad

in the space environment. Thus, a traveling-
wave tube was used as the final RF amplifier

and power-output device.
The use of a 70-Mc IF center frequency

permitted maximum use of existing design
art. Also, the frequency was high enough to
permit reasonable filtering for image rejec-

tion and sideband filtering at RF consistent
with the wide bandwidth required for low

group-delay distortion.

Deviation Tripling

Deviation tripling was employed to com-
pensate for the bandwidth-limited transmit-
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FIGURE 5-2.--Block diagram of receiving and transmitting circuit.

ting klystron used in the ground stations.
In this manner, the transmitting klystron
could be used over a restricted bandwidth

(less than 14 Mc) to maintain reasonable

phase linearity, while the critical downgoing
link (from spacecraft to ground) could em-
ploy larger deviations and obtain the required
baseband signal-to-noise by virtue of FM

improvement.

Dual-Mode Operation

One wideband or two narrowband channels

were specified. In the wideband mode (one
wideband signal present), the IF output was

tripled, and converted to 4 Gc for retrans-
mission. In the narrowband mode, individual

tripling had to be provided for each carrier,
to prevent signal suppression, and to keep
the intermodulation products to a reasonable
level.

Placing the narrowband frequencies with-
in the wideband bandwidth permitted the
change from wideband to narrowband modes

by switching only the triplers (with a filter
preceding each narrowband channel). This
switching technique also required that the IF

amplifier have a linear transfer character-

istic to the point where the two narrowband
carriers were separated.

Input Circuitry

In the RF input circuitry, a hybrid was
used between the microwave antenna and

the two receivers. This split the incoming
carrier equally between the two receivers,
causing an increase in the effective noise
figure of each receiver. Since the ground-to-

spacecraft link has a high carrier-to-noise
ratio, this design philosophy was preferable
to the use of an RF switch in terms of reli-

ability.

IF Amplifier

To meet the phase linearity requirements
for the transmission of 300 FDM voice chan-

nels in the wideband mode, and to minimize
crosstalk due to FM-to-AM-to-PM conversion

in the narrowband mode. the IF amplifier
was built video-style. In this way, the indi-

vidual amplifier stages were built like video
amplifiers with gain determined by the ratio
of feedback impedances. The overall band-
width of the IF amplifier was determined by
a double-tuned circuit at the input (to opti-
mize the first-stage noise figure) and a single-
tuned stage at the output (for efficient RF

amplification at the 100 mw level).

_{row_ve Anfeano

In the repeater output, a breakthrough in
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antenna design made possible the combina-

tion of the outputs of the two traveling-wave
tube amplifiers without the use of switches,
without power loss, and consistent with oper-
ational requirements regarding polarization.
Functionally, the microwave transmitting
antenna accepted the output of either of the
two TWT's, providing at least 18 db of de-

coupling between the tubes, and radiated
either carrier left-hand circularly polarized.

The degree of freedom used to provide the

decoupling was in the sense of the phase
rotation of the radiation as a function of

angle around the spacecraft spin axis.

Travellng-Wave Tube

The traveling-wave tube used as the RF

power amplifying and output device was a
most significant part of the repeater. Its
design and performance characteristics are
described starting on page 106.

MICROWAVE ANTENNA

General Description

During system planning, a broadband disc-
cone type antenna was proposed for the
Relay I microwave antenna. This would have

had linearly-polarized radiation patterns.
The two transmitters would have been con-
nected selectively to the antenna by an RF
switch. During the early development pe-
riod, the present antenna was proposed as

being superior in several respects: First,
both transmit and receive patterns could be
circularly polarized with consequent trans-
mission gain in each of 3 db. Second, the two
transmitters could be permanently connected
to the antenna without loss and with much

greater reliability than could be achieved
through a switch. Although unproven exper-

imentally, this concept had sufficient promise
to be accepted, and it was carried through to
successful completion.

The antenna mast was located along the

spin axis to avoid signal amplitude modula-
tion during spinning. The apertures on the
mast were located as far as possible from

the spacecraft body, to avoid pattern distor-

tion by re-radiation or refraction by the

spacecraft.
A photograph of the flight model antenna

is shown in Figure 5-3. Figure 5-4 is a
sketch showing the assembly in cross-section.

The assembly con,sists of a 1-3/4-inch
cylindrical mast, approximately 27 inches

high. This mast supports the two pairs of
spaced, circular, metal discs which are the
apertures for the receiving and transmitting
functions. Within this mast are two coaxial

tubes which separate the energy fed from the
transmission line connecting points J1, J2,
and J3 to the two apertures. Connection J1

is the output from the 7-inch diameter re-
ceiving aperture at the top. Connectors J2
and J3 are the two inputs to the 5-inch diam-
eter transmitting apertures. Immediately

FIGURE 5-3.--The microwave antenna.
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FIGURE5-4.--Wideband antenna, mechanical configuration.

below the transmitting aperture is the 7-inch
diameter, radial-wire, grid assembly. The

grid assembly and the four aperture discs
are supported by polyurethane-foam spacers.
A crystal-detector, transmitter-power-mon-
itoring probe is located midway between the
two transmitter input connectors. The metal-
lic portions of the antenna are constructed

of aluminum alloys. The complete assembly
weighed 2.1 pounds, and the center of grav-
ity was located 11.4 inches from the base.

Transmitting Antenna

Electrically, the transmitting antenna con-
sists of five parts: the mode transducer, the
coaxial waveguide tranmission line, the quar-
ter-wave plate, the inclined-slot exciters, and

the radial waveguide. A detailed description
of these parts follows (refer to Figure 5-4).

The mode transducer consists of two de-

coupled input ports at the base of the an-

tenna. With this the input coaxial TEM-
mode line can feed the coaxial TEll-mode

line in the mast. Each input port consists
of a short section of rectangular waveguide
coupled to the coaxial waveguide through a
narrow longitudinal slot cut in the outer

conductor of the coaxial waveguide. The

coaxial line from the TWT amplifier excites
a short probe through the broad face of the

rectangular waveguide section. The probe

length and location, the positioning of the
shorting plate in the rectangular waveguide,
the slot dimensions, and the positioning of
the slot from the shorting disc in the coaxial
waveguide are adjusted to provide an imped-
ance match through the transitions.

The two ports were oriented at right
angles so that the TEll modes excited in the
coaxial waveguide would be orthogonal, as

required for proper operation. In addition,
the ports were one guide wavelength apart
to reduce direct cross-coupling between
ports. For this condition, the cross-coupling
isolation had been measured at more than

20 decibels. Experimental measurements on
orthogonal ports without offsets have shown
the cross-coupling isolation to be not more
than 8 decibels.

The coaxial waveguide consists of the
1-3/4-inch outer conductor, which is the
principal part of the mast, and the 3/4-inch
inner conductor. The quarter-wave plate
for polarization conversion, used in the final
design, consists of two longitudinal metal
ridges attached on opposite sides of the
coaxial waveguide inner conductor. The
plane of the ridges is at 45-degrees with

respect to the orthogonal input ports. The
ridges are seven inches long, with the ends

tapered to prevent reflections. Dimensions
of the ridges were adjusted to convert line-
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arly polarizedwavesfrom eitherof the input
portsto circularly polarizedwavestraveling
toward the radiating section. Thus, the
wavesexcitingthe radiating slotsarecircu-
larly polarized.

The radiator consistsof eight, equally-
spacedslotscut in theouterconductorof the
coaxialwaveguideabovethe quarter-wave
plate. The slotsare approximatelyone-half
wavelengthin lengthand are inclinedat an
angleof 55-degrees,with respectto thewave-
guideaxis,to providebothaxial andtangen-
tial radiationcomponents.Thesecomponents
werefound to be in-phaseby experimental
measurements.

Therequiredquadraturephasingof these
components,sothat the radiatedfieldwould
be circularly polarized, was obtained by
usingtwo, parallel, metal discs. The phase
velocity of the axial componentwas unaf-
fectedby thesediscs.Thephasevelocityof
the tangential component,however,was a
function of the spacing. Hence,by proper
choiceof spacinganddiameter,a differential
phase-shiftof 90-degreesbetweenthesetwo
componentswasobtained,to producecircu-
lar polarizationin the planenormal to the
spin axis (0-- 90°).

It becameevidentduring the development
phasethat the antennalocationalone was
not a completesolution to the pattern dis-
tortion problem. Re-radiation from the
spacecraftcreateda pattern hole, particu-
larly in the transmit patterns.

An eight-dbnull on oneport at t_ equal 50
degrees was particularly offensive, being well
within the desired coverage region. Consid-
erable effort was taken to eliminate, or at

least reduce, the effect. At the beginning of

the project, it was anticipated that this type
of reflection could cause trouble and it was

suggested that RF absorbing material might

be required on the top surface. But thermal
needs, material considerations, and weight

problems made this less than a perfect solu-
tion. However, the effect of absorbing mate-
rial on the top surface was tried experimen-

tally. The desired effect in reducing the
pattern hole was obtained, but this did not

provlde a full-coverage pattern. The pattern,
without the reflected signal, tended to be

symmetrical about the equatorial plane and
not sufficiently broad to encompass system
look-angle specifications.

The need was either to tilt the pattern
toward the nose or to-broaden the pattern.
The spacing and the diameters of the radial
discs were determined by the method of

forming circular polarization. Thus, the
aperture could not be varied independently
to control beamwidth. Efforts to tilt the

pattern for the desired asymmetry (by re-
shaping the planar discs into double, non-
flared cones) seemed to be ineffective. Simi-

larly, the pattern width was not affected, nor
the beam tilted, by extending the lower disc.

The most sensitive method of controlling

the pattern entailed controlling the space-
craft's top-surface re-radiation.

The most satisfactory results were ob-
tained by using a polarization-sensitive,
reflecting disc. The primary radiation from
the transmitter was circularly polarized and,

upon reflection from the spacecraft top sur-
face, the sense of circularity was reversed.
Thus, to be most useful for filling in the

pattern in the nose region, the energy had
to be reflected- without this reversal. This

was accomplished with a polarization-sensi-
tive reflector, located just below the trans-
mitting antenna, as shown in Figures 5-3
and 5-4. This reflector consisted of a radial

wire grid and a metal sheet. Each of these

was circular in shape and spaced a quarter-
wavelength from each other. The wire grid

consisted of 36 equally-spaced, radial, 0.032-
inch-diameter wires. The incident-field com-

ponent, parallel to an individual wire, was
reflected, while the o rthogonal component
passed through and was reflected by the
metal sheet. The added half-wavelength of

travel for the one component insures that
the over-all reflection process does not re-
verse the sense of circular polarization as is
normally the case for metallic reflection.
Thus, this reflected signal reinforces the pri-
mary radiation toward the nose region and,
inasmuch as the reflected signal and primary
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signal are effectively originating from points

close together, this reinforcement holds over

a wide angle.

The radiation patterns of the transmitting

antenna are shown in Figures 5-5 and 5-6.

These patterns were taken with the antenna

in place on the spacecraft. The gain is ref-

'_p+5 clb

UPPERPORT ORT

(J 3) , (J 2)

erenced to a circularly-polarized isotropic
radiator.

The specifications required a gain of

greater than --1 db for angles of _ between
40 ° and 115 ° .

The VSWR and cross-coupling of the

transmitting and receiving antennas are

shown in Tables 5-2 and 5-3.

TABLE 5-2.--VSWR

Freq. 1725 Mc 4080 Me 4170 Me

Jt ....... 1.42

J_ ........................ 1.08 1.25

J3 ....................... 1.85 1.08

TABLE 5-3.--Cross-Coupling

Freq. 4080 Mc 4170 Mc

Jt to Ja .........

J_. to 3"_ .........

18.4 db 21,3 db

> 50 db > 50 db

F=4170Mc. GAIN REFERENCEIS ISOTROPIC
CIRCULAR TO CIRCULAR.

FIGURE 5-5.-- Microwave transmitting antenna
radiation pattern, polar plot.

db

F= 4170 Mc , GAIN REFERENCEIS ISOTROPIC
CIRCULAR TO CIRCULAR

FIGURE 5-6.--Microwave transmitting antenna
radiation pattern, equatorial plot.

The axial ratio of the radiated energy

from the top port (J3) of the transmitting
antenna is shown in Figure 5-7. The two

curves shown (01 and 02) were taken in a

common plane through the spin axis.

A probe for sampling the field in the trans-

mitter transmission line was developed and
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FIGURE 5-7.--Microwave transmitting antenna.
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incorporated into the flight model. This
probe is located midway-between the two

transmitter input ports so that it samples
both approximately equally. The probe is
li_htlv counled to the iTne so that there is

no degradation to the impedance match or
port isolation. The cry_ta_ou_put iS dc End

is used to modulate a :[el_etry channel.

Receiving Antenna

The receiving antenna consists of three

electrical parts: the transmission line, the
inclined radiating slots, and the radial wave-
guide. The coaxial transmission line carries
the TEM mode energy, excited at the base
at J_, to the inclined half-wavelength slots
cut in the outer conductor.

A pair of capacitive probes are located
adjacent to each slot to increase the cou-
pling of the slot to the TEM mode. A short-
circuited stub at the end of the-transmission

line assists in matching the slots to the line.

The receiving radial waveguide acts simi-
larly to that of the transmitter in causing a
90-degree phase-shift between the orthog-
onal, axial and tangential electric-field com-

ponents. The slots are oppositely inclined
to those of the transmitter, resulting in op-
posite-sense, circular polarization.

A considerable amount of time and effort

was expended in attempting to construct the
receiver radiating slots in the same diameter
tube as that employed for the transmitting
antenna. The objective was to decrease the

weight and size and to simplify the mechan-
ical assembly. Such a design was to give the

desired circular polarization and 0-plane
pattern. However, it was not possible to
obtain sufficient impedance bandwidth. This
is believed to have occfiYred because the

antenna, inherently a high-Q device, was
much too small electrically, at the receiving

frequency. After some difficulty, the receiver
channel was successfully matched over the
14-Mc bandwidth. The-use of a larger diam-
etor coaxial section feeding the slots aided

materially, but it Was necessary to further
increase the coupling of the slots to the guide.

This was done by placing capacitive stubs

99

between the slots and the inner line of the

coax. After fabrication, a final adjustment
wlfh a tuning stub at the top end of the
antenna was made to set the receiver fre-

quency at the center of the matched band.
The polar-radiation l_atf_ern of the receiv-

ing anteAna, in place on the spacecraft, is
shown in l_igure 5-8. Primarily due _o the

_metry of the receiving antenna feed sys-
tem about the spin axis, the polar radiation
pattern at 0 --- 90 ° was indistinguisha_ble

from a perfect circle (with the scale used).

Fabrication

The wideband antenna was fabricated by

using welding, knurling, roiling, and epoxy
to j0in t_e-Various sections. In the concept

revmw, it was evident that special tech-
niques would have to be developed to meet
environmental requirements-and to achieve
the weight requirement associated with the

I

iS ISOTROilC_

0

FIGURE 5-8.--Microwave receiving antenna

radiation pattern, polar plot.
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physical location of the antenna on the space-
craft. Because of structural and fabrication

needs, the unit was subdivided into three
major parts: (1) base, (2) center conductor,

and (3) outer conductor.
The base, having waveguide sections

welded to it, presented a problem in main-
taining concentricity of the inner diameters.
The use of castings was considered, but no
assurance could be given that a sound casting

could be provided with the wall thickness
required. If the wall thickness were in-
creased, casting would have been possible,
but the increase in weight would have ad-

versely affected the over-aI1 spacecraft. The
base was made from a 4-inch bar of 6061-T6

aluminum. After turning the outer diam-
eters, the waveguide sections were welded,
the assembly was stress-relieved, and the
inner diameters of the base were bored. This

achieved the desired result: a strong, uni-
form, light-weight base.

Attachment of two, thin, polarizer bars to
the outer diameter of the center conductor

was necessary. Consideration was given to

welding, casting, plating, and metal spraying
to build up the strength of these bars. The
end products were fabricated by welding,
while using another bar inside the tube as a

heat sink to eliminate warpage. The weld
and bars were then machined to the desired

shape.
The outer conductor was welded, using a

mandrel to hold the pieces. The assembly
was then machined to the required dimen-
sion.

Joining the outer conductor to the base was
accomplished by using a knurled junction, to

achieve good electrical contact, and by using
epoxy bonding to assure a good mechanical
joint.

Discs required for the apertures were
tested on a breadboard assembly. It was de-
termined that excessive thickness would be

required to meet the vibration requirements

if the plates were unsupported. Because of
the location of these discs, not only would
the weight increase be undesirable, but the
antenna center-of-gravity would also be far-

ther from the base and consequently farther
from the center-of-gravity of the spacecraft.

This condition would create problems in-
volving the spacecraft moment-of-inertia.
Therefore, it was necessary to make the discs
as thin as practicable. The discs were made
of 0.005-inch aluminum and were bonded to

polyurethane foam for support. The neces-
sary electrical contact was accomplished by
using a fillet of silver-loaded epoxy.

The result of the above techniques was an

antenna weighing only 2.1 pounds which met
environmental, electrical, and interface re-
quirements.

THE MICROWAVE RECEIVER

Design Philosophy

The design of the wideband receiver was
the result of careful consideration of the
dominant factor of reliability. For example,

the frequency plan was the result of inter-
ference considerations, and an attempt to

minimize the number of multiplier stages
used in generating microwave signals. Be-

side applying the specified de-rating of elec-
trical components, the following rules were
observed :

1. Complexity of circuits had to be kept to
a minimum.

2. All circuits had to be stable beyond the

anticipated temperature range and compo-
nent variation values

3. Power drain had to be kept to a min-
imum

4. The number of adjustable components
had to be minimized.

Observation of the above rules sometimes

led to unorthodox circuit designs. For ex-

ample, in trying to conform to rule (1), it

was decided that dissipation in the crystal
in the local oscillator (LO) circuit should
exceed the manufacturers recommendation,
rather than use an additional transistor.

This was decided after establishing, beyond

doubt, that the dissipation rating given by
the manufacturer for one hundred-mega-

cycle quartz crystals was extremely conserv-
ative. Dissipations of three to four milli-
watts were used, instead of the recommended
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maximum of 1 mill±watt. Observation of rule

(3) led originally to the choice of varactor

triplers for the IF multiplier section because

they do not require dc power. Early produc-

tion testing showed that this type of wide-

band multiplier had questionable stability

over a wide temperature range. It was de-

cided, therefore, that transistor triplers

would be substituted with less economy of dc

power. Observation of rule (4) led to a

lengthy production testing cycle. This un-
questionably added to the reliability of the

equipment.

In the course of the development, several

simplifications were made possible in the

original block diagram. These changes

mainly affected the varactor multiplier

chains. For example, after successful experi-

ments with a quadrupler circuit, it was real-

ized that the number of multiplier stages
could be reduced. The receiver oscillator

became a chain of two quadruplers and the
transmitter local oscillator chain became a

quadrupler followed by two triplers. Thus a

very small number of multipliers are used to

achieve relatively high frequencies. A simi-

lar change was made in the beacon trans-

mitter, where the multiplication scheme

became a quadrupler followed by a 9-times

multiplier.

Circuit Description

introduction

The wideband receiver was essentially a

heterodyne repeater. The input and output
frequencies were 1725 Mc and 4170 Mc re-

spectively. As shown in the System Block
Diagram (see Figures 5-1 and 5-2) inde-

pendent LO's were used at the input and

output mixers. A detailed description of each
sub-unit follows.

Input Filter

The input filter acted as a preselector to

p_rmit passage of the 1725 Mc input signal.

Other interfering signals, such as the TWT

output signal and receiver image frequen-

cies, were rejected. The filter consisted of

three mutually-coupled, quarter-wave, tuned,

transmission-line cavities. Input and output

coupling was achieved by inductive coupling

loops. The filter had a 3-db bandwidth of

approximately 35 Mc and an insertion loss of

approximately 0.4 db (see Table 5-4). The

output signal was applied to the crystal
mixer.

TABLE 5-,t.--Input Band Pass Filter Characteristics

Frequency Insertion loss

1725 Mc (mid band) ..................

1725 ± 10 _Ic .......................

1725 ± 17.5Mc .....................

1725 2:37.5 Mc ....................

1725 ± 525 Mc .....................

0.4 (t]_

0.5 dl)

3.4 db

28 db

30 db

Crystal Mixer

The crystal-mixer subassembly was se-

cured to the input filter and contained the

filter coupling loop. The 1725 Mc signal

received by this loop was fed via a built-in

coaxial impedance transformer to a type
MA449F mixer crystal. The receiver LO

signal (1655 Mc) was capacitively coupled

into the crystal mixer by means of an ad-

justable probe set to produce 0.5-ma crystal
current. The 1725 Mc and 1655 Mc signals,

applied to the crystal mixer, produced an IF
signal of 70 Mc which was fed to the IF

amplifier. The crystal mixer 70-Mc output
terminal consisted of a built-in quarter wave

choke assembly which prevented RF and

local-oscillator signals from feeding into the

IF amplifier. The choke assembly was read-

ily removable from the remainder of the

crystal-mixer assembly to permit crystal re-

placement. Conversion loss of the crystal

mixer was approximately 5.5 db.

Receiver LO Transistor Section

The receiver LO transistor section con-

sisted of an oscillator and an amplifier stage

with power output of 160 mw at 103.4375

Mc. Power consumption was 800 mw. Fre-

quency stability over the environmental

range was better than 2 parts in 105.
The oscillator consisted of a grounded-
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base, RCA 34290, UHF transistor, and a
5th-overtone crystal. This stage was induc-

tively coupled to the RCA 34290 transistor
amplifier through a series-tuned network.

The amplifier operated Class A in the
grounded emitter configuration. A 1N251

diode rectifier coupled to the output provided
a dc telemetry voltage.

Receiver LO Ist Quadrup|er

The input matching circuit to the receiver

LO 1st quadrupler provided the varactor

with a drive of about 150 mw, as supplied
by the receiver oscillator and amplifier at a
frequency of 103.4375 Mc. The idler circuit

was series-tuned to provide a low impedance
path at 207-Mc idler frequency and to obtain
maximum efficiency at the fourth harmonic.

The output circuit was series-tuned at
414 Mc. This inductor was mutually coupled

to a transmission line which was tapped to
provide maximum output power of about
70 mw to drive the next quadrupler.

Bias for the varactor was obtained by the

use of a resistor which provided a dc path
to ground and thus permitted self-bias to
develop.

Receiver [0 2rid Quadruplet

The receiver LO 2nd quadrupler was
matched at the input by a transmission line
transformer. The varactor was placed in a
cavity tuned to 1655 Mc by means of a tuning

slug that served the dual purpose of output
matching. The varactor mount had a built-in

bypass capacitor to provide the required
path for the 1655-Mc current circulating in
the cavity. Bias was obtained by the use of

a resistor which provided a dc path to
ground and thus permitted self-bias to de-
velop at the varactor.

IF Amplifier

The IF amplifier subassembly received the
incoming 70-Mc signal from the crystal
mixer and amplified it to an output level of
100 mw. AGC action adjusted the gain of the

amplifier to maintain the output constant,
within ± 0.5 db, for an input variation of
40 db, which was a --86 to --46-dbm signal

level at the input terminal. An input T net-
work acted as a matching transformer be-
tween the crystal mixer and the 2N1405

IF-input transistor. In addition, the network
provided sufficient selectivity to limit the IF

noise bandwidth to the specified maximum
of 30 Mc. The two 2N1405 input transistors
were low-noise, conventional, common-emit-
ter, amplifier stages with an overall gain of
approximately 20 db. The signal was then
amplified by eight AGC-controlled stages.
These were 2N700A and 2Nl141 transistors.

Basically these stages were wideband, RC-
coupled stages with each stage having a se-

lective, degenerative, feedback loop to im-
prove response. The remaining four stages
were conventional synchronously-tuned am-
plifiers. Two 2N1692 transistors were driver
and power amplifier stages, respectively.
An AGC detector was connected to the col-
lector of the last transistor and detected

changes in Output level. Three AGC ampli-
fier transistors applied corrective bias to the
signal amplifier stages maintaining constant

noise figure and power output level. A sche-
matic of a section of the IF amplifier is
shown in Figure 5-9.

IF Switch

The IF Switch permitted the 70-Mc signal
to be routed to the wideband tripler or to the
narrowband filters. The path was selected by

4.7 4.7

_470 4_0

,510 4.7

_-- _ ....... 4.7 ,_c sus

IN_.JCT_ VALUES gN _H
R[SIST(_ VALUE_ IN OHMS

usL_e_eo WLUES _E s_LEcTEO,

FIGURE5-9.--Section of IF amplifier.
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two identical diode switches operated by a
control voltage. The circuit configuration
was such that the on-state of the narrowband

path switch coincided with the off-state of
the wideband path switch, or vice versa.

70-MC Narrowband Bandpass Filters

Three major designs were possible in at-

tempting to meet the performance require-
ments of these filters :

1. Classical image parameter method.
2. Modified image parameter method.
3. Network synthesis.
The modified image parameter method was

chosen.

Experiments were carried out with differ-

ent types of inductance structures. Detailed
plots were obtained of Q, inductance and
stray capacitance. Of all the types studied,
a toroidal form of specific shape factor,
fabricated from Rexolite, was finally chosen.

Detailed calculations were then performed,

plotting various filter parameters such as,
characteristic impedance, insertion loss slope,
band-width, etc., as functions of Q, L, and C.
From these and from the experimental data
on the toroids, the optimum design param-
eters were chosen.

From the necessity of having to bridge the

two filters for parallel operation, a series-
derived structure was chosen. Out-of-band

impedance calculations were made, showing
how the two filters could be made to work

together.
The characteristic impedance of 20 ohms

for the filters was chosen for two reasons.

From the curves, it was determined that
optimum requirements of L, C, Q, etc., for
a given size and performance specification,
would be obtained from this impedance level.

Further, the outputs of the filters were re-
quired to work into a load originally specified
to be 20 ohms.

This left the problem of matching the
bridged input of the two filters to 75 ohms.
A mutually-coupled, inductive type of trans-
former was designed and tried. While its

electrical performance was satisfactory, it
appeared to have certain difficulties with

respect to mechanical reliability and temper-
ature stability. This type of transformer
also reflected the impedance of the filters
such that the reactive component at the input
was still present and the return loss at this

point remained the same. As the return loss
required was greater than obtained, it was
decided to use an RLC matching network in

place of the transformer. The ratio of
resistance-to-reactance transformation was
decided on the basis of insertion loss and
resultant return loss of the network.

Special considerations were given to me-
chanical design and component density. Each
tuned circuit was built on a separate sub-
assembly and tested. Two types of mechan-
ical joints were involved:

1. Screw type

2. Chemical (i.e., adhesive)

Whenever parts were joined by screw type
devices they were designed to pull against
(e.g., the coils to the boards), special test jigs

were devised to apply a known stress to each

bond after proper aging time.
Components were mounted so that the dis-

tance of their centers-of-gravity to mounting
surface was kept to a minimum. Component
density was high, and mutual coupling was

kept at minimum by shielding partitions and
the self-shielding properties of toroid coils.

Group delay in the pass bands of the two
filters was measured and" found to be satis-

factory. Typical filter characteristics are
shown in Figure 5-10.

Limlter Amplifiers

Each limiter amplifier consisted of two
cascaded, common base, tuned amplifiers.

The first stage operated in a non-limiting
mode, while the second stage was designed
to have constant output over the expected
narrowband input range of --10 dbm to
0 dbm. The actual limiter output was vari-

able up to a level of 50 mv by the adjustment

of a potentiometer.

IF Transistor Tr;plers

There were one wideband and two narrow-

band triplers required. The initial design for
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FIGURE 5-10.--Typical narrowband filter
characteristics.

these triplers involved varactors. This design

had excessive regeneration when adequate
bandwidth and efficiency were achieved. The
final design employed RCA 34290 UHF tran-

sistors in a grounded-base configuration. The
circuitry for the three triplers was essentially
the same.

The narrowband triplers received signals
from their associated Iimiter-amplifiers
through input matching networks. These pi-
networks were tuned to 681/_3 Mc and 712/_

Mc by variable capacitors. The required bias
voltage for tripling was provided by the volt-
age drop across resistors which, with induc-

tors, formed the dc return path.
The collector tank circuit, tuned to three

times the input frequency by variable in-
ductors, was capacitively coupled to the input
of the adder circuit. Isolation from the

power source was provided by a decoupling
network. A schematic of a narrowband trip-

ler is shown in Figure 5-11.
The 70-Mc signal received from the IF

switch for the wideband mode was coupled
through a pi-type matching network to the
emitter of an RCA 34290 transistor. The

network was tuned for optimum return loss
by a variable capacitor and inductor. A

coupling capacitor with the inductive com-
ponent of the input impedance of the tran-
sistor, formed a series tuned circuit of low
Q, which was further reduced by a shunt
resistance. The collector, tuned to three

I 2_flo

-7
I

I
3

I TO
l( I-ADDER

FmURE 5-11.--Transistorized narrowband tripler,

schematic diagram.

times the input frequency by a variable in-
ductor, was coupled through a capacitor to
the adder circuit.

Adder

The adder circuit was provided for two
purposes. In the narrowband mode, it pro-
vided a method of combining the two signals
to drive the high-level mixer, and at the same
time it provided reasonable isolation (meas-

ured at 16 db or better) between the two
triplers. Secondly, on both wideband and
narrowband modes, it provided a means of
matching the output of the tripIers to the
high level mixer.

Two common-base amplifier transistors
(type 2N1493) were coupled together at the
collector and drove a double-tuned circuit.

The primary and secondary loads of this cir-
cuit were the output resistance of the tran-
sistors in parallel with resistors.

The narrowband tripler outputs were con-
nected to individual arms of a resistive

attenuation pad as shown in Figure 5-12.
Each transistor was therefore driven inde-

pendently and the outputs were combined.
In the wideband mode, the transistors were

effectively driven in parallel. Since the adder
normally limits when driven in the wideband

mode, this resulted in an effective 1 db band-
width of greater than 35 Mc. This, combined
with the limiting characteristics of the high
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FIGURE5-12.--Adder--high level mixer.

level mixer, gave the system 1 db bandwidth
of 35 Mc.

High Level Mixer

The high level mixer used two MA4522M
pill varactor diodes mounted on a stripline
hybrid (see Figure 5-12). The IF signal
from the adder was mixed with energy from
the transmitter local oscillator to produce
several sidebands. The first upper sideband

at F _ IF was selected by the output filter
for transmission to the TWT.

The basic operation of the hybrid mixing
may be understood in the following way: If
a short-circuit at the LO frequency is placed
at B and an open-circuit at C, all the LO
power entering at A leaves via arm D after
a delay of 180 °. If the short-circuit and open-
circuit are interchanged, all the LO power
still leaves at D, but there is now a delay of
360 °. If the open and short-circuits are
switched at an IF rate of 210 Mc, then the
output signal at D contains several sidebands
but no carrier. The strongest sidebands are

at (FLo ± 210) Mc.
The 210 Mc IF was supplied from the

adder through an RC network which devel-

oped self-bias voltages on the varactors. The
value of R was chosen to obtain optimum
drive to the varactors.

The varactors were switched in a push-

pull manner, i.e., when the varactor at B was
being driven into forward conduction and
was acting like a short-circuit, the one at C
was being heavily reverse-biased and acted
like a high impedance and vice versa. A
small section of short-circuited strip-line,
shunting the varactors, was used to parallel-

resonate with the varactor capacitance in the
reverse-biased state to better simulate an

open-circuit. The varactors were mounted
in holders which were designed to be micro-
wave choke joints at 4170 Mc to prevent RF
radiation at this frequency. This restricted

the RF operation to the stripline and pro-
vided freedom from random external loading

and tuning effects.
Another feature of the mixer was the use

of a limited amount of negative-resistance

type of parametric conversion to increase
the available power output. This could occur
because the second harmonic of the LO was

generated in the non-linear capacitance of
the varactors. This energy mixed paramet-

rically with lower sideband energy at FLo-
210 Mc reflected back from the output filter,

to produce energy at 2 FLo --(FLo --210) --
FLo+210 Mc, which was the desired output

frequency. The phase of this energy was
set by the length of line between D and the
output filter so that it added to the upper
sideband energy produced by the primary

mixing action. A conversion loss of from
seven to eight-db from FLo to (FLo+210)
was obtained under normal operating con-
ditions.

Transmitter LO Transistor Section

The transmitter LO transistor section con-

sisted of oscillator, driver, and power ampli-
fier stages. It had a power output of 1.3 to
1.5 watts at 109.9922 Mc. Power consump-

tion was 5 watts. Frequency stability over
the environmental range was better than

2 parts in 105.
The oscillator consisted of an RCA 34290

transistor operating in the grounded base
configuration and a crystal operating at the
5th overtone. A Zener diode provided the

base bias voltage. The oscillator delivered
about 40 mw to the driver stage.

The driver was inductively coupled to the

oscillator by the series-tuned circuit. The
buffer transistor was an RCA 34253 UHF

transistor operating Class A in the grounded-
emitter configuration, it delivered about 500
mw through a pi-coupler to the PA stage.
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Base bias was provided by a Zener diode.

The power amplifier was another RCA

34253 UHF transistor operating Class C in
the common-emitter configuration. The cou-

pling capacitor from the driver was selected

to tune out the transistor lead inductances.

A series-tuned trap, between the collector

and the output pi-coupler, improved collector

current waveform, increasing the stage effi-
ciency.

Transmitter LO Quadruplet

The quadrupler consisted of an input-

matching circuit providing the drive for the
varactor of 1.2 to 1.5 watts at 110 Mc. An

idler circuit provided a low-impedance path

for the idler current at 220 Mc circulating
through the varactor, thereby providin'g high-

efficiency operation. The output primary

circuit delivered 500 to 600 mw of power at
440 Mc.

20 db bandwidth of approximately 110 Mc.
It was center-tuned at 4169.72 Mc. Nominal

insertion loss of the filter was approximately
0.4 db. The characteristics of this filter are

shown in Table 5-5.

Performance Summary

A tabular presentation of the measured

performance of the two receivers is shown

in Table 5-6. Photographs of the wideband

receiver are shown in Figures 5-13 and 5-14.

TABLE 5--5.---Output Bandpass Filter Characteristics

Characteristic Value

Center frequency ..................

Insertion loss......................

Bandwidths:

3 db ...........................

20 db ...........................

30 db ...........................

4170 Mc

0.4 db

44 Mc

!10 Me

200 Mc

Transmitter LO Double Triplet

This unit multiplied the input frequency

of 440 Mc at a level of 500 to 600 row, to

the output LO frequency of 3960 Mc at a

power level of 50 to 80 mw, in two cascaded
tripler stages.

Output Filter

Since the high level mixer normally pro-

duced a variety of harmonics, the purposes of

the output filter were to allow passage of
the desired 4170 Mc signal and sidebands and

to reject all other frequencies. An important

function of the output filter was to reflect
the unwanted lower sideban_l of 3750 Mc

back to the high level mixer with a suitable

phase relationship so that it would mix with

the generated second harmonic of the local-

oscillator signal to produce a 4170-Mc re-

sultant that added to the main 4170-Mc

sideband. Thus, the lower sideband signal

was reconverted to the upper sideband sig-

nal with a consequent improvement of mixer

efficiency. The output filter consisted of three

mutually-coupled, halfwave diameter, slug-

tuned cavities with inductive-coupling loops
for input and output terminals. It had a fiat

bandwidth of approximately 44 Mc and a

TABLE 5-6.--Performance Summary of Microwave Receivers

F_ and F6

Function

Wideband output power (dbm)_..

Narrowband output power (dbm)_
"Beyond the horizon" AGC switch

operate point
Widehand (-dbm) .........

Narrowband low (-dbm)__.

Narrowband high ( -dbm)___

Nominal output frequency error..
(kc).

Group delay

Linear (nsec) ................ - 7

Parabolic (nsec) ............. --7

IF Bandwidth (1 db)

/1 (Mc) ............................

1-2 (Me) ...........................

Af (Me) ............................

Measurement

Receiver F4 Receiver F6

0°C 250C 0*C 25°C

10,6 7.1

8.7 5.8

81,5 8.3,0

80.0 82.0

80.0 81.5

-6 +15

-4

-7

65.1

73.8

8.7

80.5 81 ._

79.5 80._

78.5 79._

+32 --18

-9 --8

+2 +2

........ 65.3

........ 75.0

........ 9.7

TRAVELING WAVE TUBE

Introduction

General

The RF-power output of the transmitter

section of the wideband subsystem was fur-

nished by an RCA Type A-1245 traveling
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FIotraE 5-13.--Relay I--wideban d receiver.

wave tube (TWT). This tube amplified,
simultaneously, the wideband, high-level,
4170-Mc, communications signal and the low-
level, 4080-Mc beacon signal, providing a
minimum of 11 watts of RF power to the
line feeding the wideband antenna. Since it

thewas the final RF power amplifier, - travel-
ing wave tube was the maj6_ power-c6nsum-
ing element of the spacecraft and, as such,

was one of the major controlling factors in

the spacecraft design. Requirements for the
tube appear in Table 5-7.

Selecting The Tube

A TWT was selected for the transmitter

output stage because it could be designed
with the best balance between efficiency,

power, bandwidth, gain, weight, and rugged-
ness. Intrinsically, and from operational
history, such a tube offered the greatest as-
surance of reliability in long-term, unat-
tended servfce.

In June, 1961, when the basic require-

ments for the Relay I tube were first set
down, no history existed for traveling wave
tubes operating in a space environment. A

period of approximately one year was avail-
able for the design, design proof, and deliv-
ery of tubes for flight use. It was necessary
to reach the primary design freeze in ap-
proximately six months.

The need_ 6f Relay I imposed upon the
output-stage tube a set of performance, en-
vironmental, and reliability requirements,

_z

E

!

V"

E
FmURE5-14. Relay I wideband receiver, microwave beacon and beacon coupler. "
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TABLE5-7.--Basic TWT Requirementsfor Relay I

Electrical

Frequency range ....................

Operating bandwidth ...............

RF power output (fundamental .......

saturated),

RF input drive .....................

Gain (at 11 watts) .................

dc power available for TWT ........

Overall efficiency (at I1 watts RF

output).

Hot ma_h

Input (50 ohms coax) ............

Output (50 ohms coax) ..........

Output stability (I0:1 VSWR any

phase with ± 3% helix voltage

change, no RF signal in).

Spurious output (any 20-Me band)_ _ _

Duty cycle .........................

Physical

Weight/size ........................

Connectors .........................

Cooling ...........................

Environment

Temperature (operating) .............

Pressure ...........................

Vibration

Sinewave, thrust direction

20-500 cps .....................

2 sweeps, 50-500 cps ...........

20 octave/rain,, 50-2090 cps .....

Dwell, 30 see,, 550_50 cps .....

Sinewave, lateral direction ......

Random .......................

Life expectancy .......................

4050-4250 Mc

100 Me

II watts (40.14 dbm)mia

3.5 mw (5.4 dbm) nominal

35 db rain.

55 watts max.

21_ rain.

1,8:1VSWR

3.0:1 VSWR

2 mw max. output

--40 dbm max.

(100 minutes out of any

three continuous con-

secutive 3-hour orbits is

the system requirement)

Minimum consistent with

reliability. Weight not

to exceed 4½ lb.

Coax (type TNC)

Conduction and radiation

--10°C to 80°C heat sink

- 10°C to 35°C ambient

Sea level or high vacuum

5 g peak

25 g peak

40 g peak

60 g peak

½ the thrust-direction

levels.

llg RMS, 20-2000 cps, 4

minutes

Greater than 5 years

none of which could be met by any existing
TWT. Nearly all of these requirements, how-
ever, had been separately demonstrated in
different RCA TWT's. The problem then

confronting the TWT designer was how to
combine these requirements with the best
possible balance (reliability being the con-
trolling factor) within a restricted time
schedule.

In the interest of achieving reliability, a

general ground rule was established at the
start of the program: the tube should in-

corporate only those design practices, tech-
nology, and manufacturing methods which
had been proven reliable in actual field use.

Start;ng Po;nt

With the decision that the new tube must

be designed and built only with field-proven
materials and techniques, capabilities of ex-
isting traveling wave tubes were examined.
The ability of TWT's to provide high-quality
repeater performance had already been dem-
onstrated. The RCA-designed 7642, an 18-

watt 2-Gc tube, was successfully operating
in the MM600 Ground Relay system; the

Bell Telephone type M1789, a 5-watt, 6-Gc
tube was performing well in the bell System
transcontinental radio relay. But both types
were designed for long, reliable life in ground

operation; they did not have the high effi-
ciency, light _veight, conduction cooling, and
the rugged features needed by a tube to be
used in space.

RCA, however, had also completed the de-
sign and flight-qualification testing of a TWT
intended for spacecraft operation in a pres-
surized environment. This tube, the RCA

Type A-1228, provided 11 watts of power
output at 2 Gc. It was a medium-weight,

rugged, conduction-cooled tube designed for
high efficiency, depressed-collector operation.

It operated with the same power output,
gain, voltages, and currents as the tube that
was projected for use in Relay I. At the
start of the Relay I program, five completed
A-1228's had been in aging racks for some
time.

Most of the design of the A-1228 was
applicable to the Relay I program but it was
necessary to reduce weight, to improve effi-

ciency while doubling the frequency, and to
provide different methods of mounting and
conduction cooling. The A-1228, however,

served as the prototype from which the Relay
I tube was scaled, and the work that had
been done on the A-1228 formed a basis for

technological and manufacturing methods
that would endow the new tube with high

reliability.

Design

Major Character_st;cs

At the start of the program, only the major
characteristics of the tube were known, such

as frequency, power output, gain, efficiency,
maximum weight, length, etc. As the pro-
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gram progressed, many other characteristics
were specified. These characteristics were
derived from those of the forerunners of the

A-1245, the 7642, and the A-1228, and they

are described below. The major character-
istics o2 the A-1245 are listed in Table 5-8.

At the start of the TWT=development pro-

gram, an unpresgurized t-ube was planned.

H_owever, during testing, anomaTies i-h tube
performance were revealed which-were in-

duced by vacuum environment. On the basis

of these test results, and to ensure meeting

the schedule, for deiivery-of an acceptable
TWT, it was necessary to pressurize the tube
(see Figure 5-15). Work continued on the

design of the unpressurized version of the
tube, the unpressurized TWT (see Figure

5-16) was incorporated in the Relay II
spacecraft.

TABLE 5-8.--Major Characteristics of The RCA A-12_5
Press_trized TWT

Electrical

Frequency ................................... 4.05 to 4.25 Gc

Power output ................................. 11 watts (rain.)

Overall efficiency (_o) ......................... 21%

(includin_ heater power)

Gain (at I1 watts):-_: ......................... 35 db

Helix voltage (Vw) ............................ 2100 volts

Helix current (Iw) (with RF: ................... 0.25 ms

Collector voltage (Vc_ ......................... 1000 volts

Collector current (It, _ .......................... 45 ma

Grid No. I (anode) voltage ..................... 1400 volts

Grid No. I (anode) curreni ..................... 0.01 ma

Heater voltage (Eh) ........................... 4.25 volts

Heater current (Ih)_ ........................... 1.6 amperes

Mechanical

Weight ...................................... 4.5 lb

Length ...................................... 18_1_ inches

Diameter .................................... 1.7 inches

F
FmURE 5-15.--RCA type A-1245 pressurized traveling wave tube.

FIGURE 5-16. RCA type A-1245 unpressurized traveling wave tube.
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I¢_[0, rank,

The three tasks that converted the A-1228

into the A-1245, mechanically, were: (1)
finding a new method of mounting to guard

against damage by shock and vibration; (2)
development of a new cooling method and
(3) reducing the weight. A comparison of
the A-i245 and its forerunners, the A-1228
and the 7642, is shown in Table 5-9.

TABLE 5-9.--Comparison of Prime Design Parameters

Between the A-1_5 and its Forerunners

Parameter

Freqeney (Ge) ..............

Power output (watts) .......

Gain (db) .................

Electronic efficiency (y_%)_.

_a ........................

QC .......................

b/a .......................

PHeater(watts) .............

h(ma) ....................

Cathode temperature (°C)...

Cathode current density .....

ma/crn2).

RCA 7642

1.7-2,3 I

18-24

2s l
15

1.25

0.30
0.5

11.0

70

8OO

88

RCA A-1228 RCA A-1245

2,0-2.4 4,05-4.25

I1 n

35at 11 watt_ 35at II watts

14 12

1.25 1.75

0.295 0.4

0.5 0.6

7 0 5.5

46 46

740 710

57 55

EFFICIENCY

General--The overall efficiency of a TWT can be expressed as follows:

Overall efficiency _ P output

P dc + P heater -'F P output

i

I Vc Iw P heater

_'.v.+ Z + vo.,,u-----7+ 1
where

y_ = electronic efficiency I¢ = collector current

P = power V_ = helix vottage

1_ = collector voltage Iw = helix current

The ways in which the A-1245 was made
to meet the environmental requirements of
shock, vibration, cooling, and certain other
problems are described below. The weight
was reduced by making the periodic stack
permanent magnets of lightweight platinum
cobalt, while preserving the integrity of the
critical magnet design. The helix interception

current had to be reduced practically to the
vanishing point to reduce heating of the
helix structure. This could be done only by
designing the magnets with extreme pre-
cision.

The equation shows that to raise the overall
efficiency, the following things must be done :

1. Increase electronic efficiency.
2. Increase beam-current transmission.

3. Decrease collector voltage.

4, Decrease heater power.
The electronic efficiency of the A-1245 was

actually made lower than that of the A-1228.
Design of the Helix--One of the most im-

portant parameters that must be chosen in
the design of a TWT is the diameter of the
helix. For a given beam diameter, the smaller
the diameter of the helix, the closer the helix
is to the beam and the greater is the con-
version of dc energy into RF power output
(and therefore the higher the efficiency).

If the helix is too close to the beam, how-
ever, higher interception of the beam, greater
losses in the helix, and lowered efficiency re-
sult. Thus, when a helix of small diameter
is used, the design burden is shifted to the

sharp magnetic focusing of the beam. A
useful relationship is the ratio of the diam-
eter of the beam to that of the helix or b/a.

The numeric ya is a quantity that is basic
in the design of the helix. It is defined as
follows:

2_a 505 dlf
ya_

XoX/V,,,
where:

v = Radial propagation constant
a -- Mean radius of helix

dIf = Dielectric loading factor
Xo = Free-space operating wavelength
V_ = Helix voltage

Table 5-9 shows that the value of _a chosen
for the A-1245 was higher than that of the
A-1228. This was to be expected because of
the higher operating frequency of the
A-1245. But the value of 1.75 was also
somewhat higher than the value that would

give maximum electronic efficiency. Using
a smaller value of va would have been ac-
complished by using a smaller helix diameter,
but this would have involved the difficulties

described above. The larger helix diameter

(and wire size) results in the RF and dc
dissipation per unit area being about that of
the A-1228, despite the higher operating
frequency.
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The table also shows that the electronic

efficiency of the A-1245 is lower than that
of the A-1228. This is mainly due to the

higher value of Ta that is used. But the effect
of the lower electronic efficiency on overall

efficiency is more than made up by the lower
heater power used by the A-1245 and by
operating its collector at a depressed poten-
tial-at about half that of the helix voltage.

The helix interception current was 0.25
ma of the total beam current. This indicates

a beam transmission of 0ve!_ 99 percent.
With a value of va set at 1.75, and a helix

operating voltage of 2000 to 2100 volts, the
design parameters of the helix are as shown
in Table 5-10.

TABLE5-10.--Desion Parametersof the Helix

Vheli x ............... . ..........................

V space-charge reduction ..........................

_a .............................................

ka ............................... _ ..............

:: -D{electrle loading factor ..... _ _ _ ...... _ ............

C ..............................................

Length ..........................................

Mean diameter ..................................

- Wire size ........................................

TPI ............................................

2050 volts

100 volts

1.75

0.15

0.9

0.0575

10.9 inch

0.135 inch

0.014

261

: The overall length of the helix was deter-
: : mined by the conservative design approach

chosen for the tube--low beam-flow perve-
ance (0.5 gperv) and the correspondingly
low gain paramet;er. The length finally
selected was 10.9 inches. This length pro-

duced the required saturation gain (35 db at
11 watts) and offset all of the recognized
RF losses.

Construction of the Helix--Physically, the
electronic efficiency of a traveling wave tube
depends upon the design of the helix, the
kind and placement of its dielectric supports,
and the kind and placement of the attenu-
ators. See Figure 5-17, which shows the

A-1245 and its components.
The helix was wound of molybdenum wire

which was firmly embedded in precision-
made, low-loss, fluted-glass tubing (Corning

, 7070). The fluted glass was shrunk over
each turn of the helix to provide a good me-

chanical bond as shown in Figure 5-18.
The use of rugged, small-diameter, glass

tubing to support the helix brought with it
certain other advantages as follows:

1. It allowed helical couplers to be used
as input and output transducers; this type
of coupler did not need to be supported by
the vacuum envelope and did not require a
vacuum seal. Waveguide couplers at 4 Gc
would have been too large, while cavity cou-

plers would not have permitted the use of
small-size periodic magnets.

2. Some movement of the helix was per-
mitted to effect a good match during the
fabrication of the tube.

3. External RF attenuators could be used,
which eliminated the dissipation problem
and outgassing associated with internal at-
tenuators.

4. The small radial dimensions permitted
the use of small-size, light-weight, periodic,
focusing magnets.

Rigid inspection techniques were required
to determine the acceptability of the self-
supported helix assembly. Each assembly
was subjected to accurate measurement of
the pitch deviation between turns of the

helix. Any helix assembly with a deviation
greater than 12 microns was rejected. The

RCA-designed device in which these meas-
urements were made is called the HELPER,
an acronym for HELix Pitch Error Resolver
(shown in Figure 5-19). This inspection
technique made it possible to reduce prob-
lems of match, stability, and fine-grain gain
variation in the A-1245.

Stability

The system performance objectives re-
quired stable tube performance with wide-
band integrated noise and spurious power

output held to less than 5mw, while the out-
put of the tube was subjected to a variable

phase VSWR mismatch of 10:1. Further,
this operation had to be achieved while simul-

taneously varying the helix voltage -----3per-
cent (see Figure 5-20). Attaining this
specification becomes difficult with depressed-
collector operation, wherein reflected pri-
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Parts and assemblies used in RCA Type A-1245 Traveling-Wave
Tube for Project Relay

L A
0 0 0 0 0 . 0

0 __ 0

° J ! ] °}

i_r¸ _= _

FIGURE 5-17.--Parts and assemblies used in RCA type A-1245 traveling wave tube.

mary or secondary electrons can conceivably
initiate a growing wave leading to oscillation.

To meet these stability criteria under all

operating conditions, including vacuum en-
vironment at elevated temperatures, an exter-
nal, helical, center attenuator was developed.

_FLUTED

FmVRE 5-18. Radial cross-section of helix.

The VSWR of the center attenuator was

better than 1.05:1; total loss was greater
than 50 db in the operating band; and it
provided for loss in excess of gain from 2
to 8 Gc, to ensure against instability outside
the band where the coupler match degraded.
The main portion of the RF attenuator is
bifilar wound of 0.5-mil Karma wire, in re-
verse pitch when compared with the helix
winding.

The aquadag tapers, on both sides of the

attenuator, were density sprayed to spread
RF dissipation and prevent hot spots. The
entire assembly was then coated with Ec-

coceran and baked to provide a durable, pro-
tective coating.

An attenuator one-half inch long, con-
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FIGURE 5-19.--The RCA HELPER
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Fro(mE 5-20.--Type A-1245 TWT (unpressurized

version) ; saturated power output, saturated gain,
and gain at 11 watts vs, helix voltage.

structed in the same fashion as the center

attenuator, was placed at the input end of
the helix to absorb any RF wave which is
coupled in the wrong direction at the input.
A a/8" Lava-wound end attenuator, positioned
off the helix support glass, is used to absorb

any uncoupled RF energy in the output cou-
pler region. Extensive tests made on this
assembly in a vacuum environment, dissipat-
ing rated RF energy, indicated that the tem-
perature of the attenuator was less than
175°C at the hottest point.

Reliability

One of the requirements of the TWT,
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which influenced all aspects of its design and
fabrication, was the reliability with which
it was expected to perform: The specifica-
tions called for reliable operation for a mini-
mum of 50,000 hours. This requirement
affected every fabrication step: specifying
materials, purchasing, testing, manufactur-
ing subassemblies in rigorously clean areas,
testing the subassemblies, assembling the

tubes in the clean areas, and retesting. Some
of the procedures followed are given below.

The Electron Gun--Analysis showed that
the electron gun of the A-1228 tube, with
some modifications, would be suitable for the
A-1245. The gun, similar to the Pierce con-
vergent type, supplied a beam with an ex-
cellent laminar flow. Gun features are listed
in Table 5-11.

TABLE 5-11.--Features of the Electron Gun

Beam current ........................

Beam diameter at minimum convergence

Beam current density .................

Beam-area convergence ratio ...........

Cathode temperature .................

Gun perveanee ......................

Anode voltage ......................

Anode current .....................

tteater voltage .....................

Heater current .......................

Heater temperature ..................

Cathode base metal ..................

Emissive coating .....................

46 ma

0.080 inch

55 ma/cm $

23:1

710 °

0,84 microperv

1420 volts

l0 microamp (max.)

3.75 volts

1,5 amperes

1150 ° C

N1 32

Barium-strontium carbonate

An important feature of the gun is the dark heater; its use permitted
lowering the heater power 20 percent below that of the A-1228.

The Cathode--A major determinant of the
life of a TWT is the cathode. A long-lasting
emitter, such as thoriated tungsten, could
not be used because it would have required
too much heater power.

The choice for the A-1245 cathode was a

barium-strontium carbonate over vacuum-
fired base metal N132. Both of these mate-

rials were of proven performance. The
cathode was operated so that the current
density of the beam was the lowest in any
know TWT. This, in turn, enabled the cath-
ode to operate at the lowest possible temper-
ature.

The low operating temperature not only

decreased the rate of depletion of the emis-

sive material, it also enabled the operating
point of the tube to be placed well beyond
the knee, or space-charge saturation point,
of the cathode-current versus heater-voltage

curve. Operating at this point on the curve
helps to ward off damage from any possible
momentary cathode poisoning process. The
life records of tubes prove the validity of
this approach to reliability and longevity.

Performance

For a rigorous evaluation under simulated
space conditions, the TWT's were given ex-
tensive vacuum-thermal tests. Each tube was

subjected to at least three vacuum-thermal
operating runs under conditions identical
with those anticipated for the spacecraft in
orbit.

In anticipation of the slight power fade
(approximately 0.2-0.3 db) which is normal

and expected, each tube was operated with
an input power 2 db above the input power
required to produce saturation power output.
This also causes greater RF and dc losses
in the helix and serves to indicate the degree

of operating margin of each tube.
During all thermal-vacuum runs, the pres-

.sure was maintained at 10 -5 mm Hg and the
temperature of the radiator was allowed to
rise to approximately 95°C. The operation
in space was simulated by making each vacu-
um-thermal run last for 35 minutes. And

after each run, the RF drive and heater
power were shut down and the tube was

allowed to cooI for 11/_ hours.
Table 5-12 shows data taken in sea-level

and vacuum-thermal tests on a group of

typical flight-model A-1245's. It can be ob-
served that the average power fade was
approximately 0.2 db with an attendant in-
significant change in gain.

Environmental Considerations

Requirements

The Relay I orbit and launch conditions
established the environmental requirements
for the TWT. The major environmental ef-
fects were vibration (See Table 5-7), me-
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TABLE 5-12.--Typical Performance qf Flight-Model Tubes
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Sea-level run Thermal-Vacuum Runs Pin = Sat Pi. + 2 db (35 rain. duration)
(f = 4.17 Ge)

Pressurized tunes Run No. 1 Run No. 2 Run No. 3

lerial Power Gain
No. out(w) (db)

WC-48 11.45 35.4

WC-36 12.3 34.2

WC-32 I 1.0 35.2

WC-21 10.9 34.7

WC-I1 11.75 35.5

Start

Finish

Start

Finish

Start

Finish

Start

Finish

Start

Finish

Po fade
(db)

+0.2

-- .05

-0.2

0

-0.15

Power out
(dbm/w)

40.3/10.75
4o.5/11.25

40.6/11.5

40.55/11.35

40.1/10.25

39.9/9.75

39.9/I9.75
39.9/9.75

40.65/! 1.6

40.5/11.25

Gain
(db)

33.1
33.3

32.9

32.85

32.4

32,2

36.8

36.9

33.05

32.9

Po fade
(db)

+0.2

0

-0.2

0

-0.15

Power out
(dbm/w)

40.3/10.75

40.5/11.25

40.7/11.75

40.7/11.75

40.0/10.0

39.8/9.55

39.9/9.75

39.9/9.75

40.65/11.6

4o.5/l 1.25

Gain
(db)

33.1
33.3

33.0
33.0

32.3

32.1

36.8

36.8

33.05

32.9

Po fade
(db)

+0.1

-0.2

-o.15

-0.1

-0.I

Power out Gait
(dbm/w) (db)

4o.4/11.0 33.2

40.5/11.25 33.3

40.9/12.3 33.2

40.7/11.75 33.0

39.95/9.75 32.2_

39.8/9.55 32. ]

40.0/10.0 36.9

39.9/9.75 36.8

40.6/11.5 33.0

40.5/11.25 32.9

chanical shock (30 g peak, 8 milliseconds
duration, sawtooth), vacuum environment,
and Van Allen Radiation Belt exposure.

The environmental evaluation of the TWT

was accomplished by making separate evalu-
ations of components and subassemblies.
Tests were conducted on heaters, gun assem-
blies, helix assemblies, and magnet assem-
blies. These tests were then followed by
testing completely packaged tubes both at
sea level and in a thermal-vacuum environ-

ment simulating the conditions in space.

Mounting and Coo|ing The Tube

In modifying the A-1228 TWT for the

Relay I application, new methods of mount-
ing and cooling the tube were necessary.
The new mounting method was needed to
protect the tube from shock and vibration
during launch. The new method of cooling
the tube was needed because of the lack of

convection. Heat could be removed only by
radiation and conduction.

The isolation mounting--Each TWT was
mounted in the spacecraft on a structural
member of the frame with two mounting
isolators used on each tube to limit the vibra-

tion amplitudes actually transmitted from
the frame to the tube. Each isolator was a

molded urethane rubber ring 0.500" wide
and 0.233" thick, bonded to the capsule, and
a split stainless-steel ring was bonded to the

outer surface of the isolator. The ring was
split to permit application of the proper, pre-
determined amount of torque by the clamp
with which the isolators were fastened to

the spacecraft frame. These rings may be
seen next to the input and output conr/ectors
in Figures 5-15 and 5-16.

Cooling--The main source of heat in the
TWT was the35 to:45 watts of power dissi'

pated in the radiator by the collected beam.
This heat was conducted away from the tube

by six flexible, stranded-copper cables (0.005-
inch strands) each 0.275 inch in diameter
and attached to two copper clamps (shown
in Figures 5-15 and 5-16). Two cables were

fastened to the small clamp and four cables
to the large clamp. The larger of the clamps
was attached to the main spacecraft heat
sink, which extended vertically in the center

of the Spacecraft, and the smaller clamp was
attached to a gusset plate on the spacecraft
frame.

The cables were attached to the radiator

end of the tube capsule and to the clamps
with silver-loaded epoxy to provide a strong,
thermally efficient bond. Vibration tests of
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a tube in a simulated spacecraft proved the
suitability of this flexible strap-and-clamp

arrangement for conducting the heat away
from the tube radiator. The glass bottle and

the magnet stack were cooled by methods
described as follows.

The TWT bottle-and-magnet assembly
were enclosed in a stainless steel capsule
which was, in turn, enclosed in a stainless-

steel pressurized envelope. To accomplish
this, pressurized TNC connectors and a
vacuum-tight metal-ceramic stem were used.

The outer pressurized envelope consisted of
two stainless-steel, open-ended semi-cylin-
ders. The tube-and-magnet assembly in its
stainless-steel capsule was placed in one semi-
cylinder and was potted in place with rigid
epoxy. Copper straps were used to connect
the inner capsule to the inside of the outer
envelope to make a good thermal bond be-
tween the two. The two semi-cylinders were
then heliarc-welded together making a vacu-
um-tight joint.

A vacuum-tight, metal-ceramic stem was
attached to the leads of the tube and heliarc-

welded in place in the end of the envelope.
Pressurized metal-ceramic TNC connectors

were attached to the tube capsule and also
heIiarc-welded in place. A copper disc with
a stainless-steel flange was bonded to the
radiator and this was heliarc-welded in place,
thus making a pressurized envelope.

This envelope was baked at 100°C, leak

tested, and pure nitrogen was pumped into
the envelope through a copper tubulation in
the stem. The stem tubulation was then

pinched off, effecting a coldmetal weld and
a pressurized envelope. The completed tube
was placed in a vacuum chamber for 24 hours

and operated at 35-minute intervals every 2
hours to ensure that the tube was properly
pressurized and was leak tight.

The helix glass was cooled by convection
through the gas in the pressurized container.

The collector, magnet assembly, etc., were
cooled by conduction through the stranded
copper straps to the spacecraft heat sink.
The pressurized tube was protected against
shock and vibration by the isolation mount-

ing described earlier.

Environmental Test Results--The proto-
type TWT was qualification-tested according
to the following tests and performed satis-
factorily during all the tests:

1. Thermal-Vacuum Test--30 days at

pressure of 5 X 10-5 mm Hg. Temperature
cycling from --10°C to -}-35°C.

2. Vibration--Tested in a dynamic model
of the Relay I spacecraft to qualification
levels for the spacecraft.

3. Acceleration--Tested on a centrifuge
to the qualification levels for the spacecraft.

Fabrication

Genera/

The fabrication procedures and controls
adopted for the A-1245 were designed to
ensure maximum tube-to-tube uniformity
(see Figure 5-21). Rigidly enforced accept-
ance criteria were established for parts and
subassemblies, and a documentation system
was established to ensure that a complete
record of all parts and processing steps was
kept for each tube package. A series of in-
spection points was established to eliminate
non-uniform components during assembly.

In addition, the tube-making practices
emphasized special controls on the tube op-
erating parameters which were found to be
related to the tube stress points, either
through theoretical analyses or during the
development phase of the program. Thus,
tests were performed during the fabrication
cycle on cathode activity and beam trans-
mission characteristics, because these were
judged of extreme importance in predicting

the reliability of a particular tube. Great
emphasis was placed on thermal-vacuum
testing of tubes, because this type of test
was shown to flush out weak design areas
during the later stages of the development
phase of the program, prior to the fabrica-
tion phase.

Fabrication Steps

The following were the major steps in the
preparation of the tubes for the acceptance
or design proof tests:
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lVmuaE5-21.CleanRoominwhichsatellitetubesareassembled.

1. After a tube was assembled and proc-
essed through the exhaust cycle, it was
evaluated electrically in a standard package,
containing known focusing and RF compo-
nents. This was the first screening of the

r --J •

new tube, and pecuharltes associated with
beam transmission, sensitivity to voltage

changes, and RF performance were carefully
noted. Variations Of these parameters out-

side predeterminedlim_s or peculiarities of

perfo÷mance resulted in the "bottle" being
eliminated.

,2. The tube was next focused and locked
in a specific package with which-it remained

mated. It was suSjected to the pre-aging
bench test (at room temperature, in air),
during which _ had tO pass_all RF require-
ments at the rated voltage-and currents.

3. During the next step (aging in air en-
vironment-300 hours minimum), any tube
which showed anomalous emission-stabiliza-
tion trends was eIiminated. Refocusing the

tube after the aging cycle eliminated a sub-
stantial portion of the helix current rise.
The helix current rose 500 microamperes

(typical) during the aging cycle. Refocus-
ing reduced the helix current by this amount
and kept the subsequent rise to extremely
low levels. This fact is illustrated in Figure

5-22.
Cathode emission was monitored during

aging, and any tube displaying a measurable
decrease in cathode current was eliminated.

An increase in cathode current of up to 5%

was accepted.
4. After aging, each tube was again tested
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FIGURE 5-22.--Effect of refocusing during aging on helix current.

for electrical performance (post-aging bench

test). Except for the rise in cathode current,

no change in performance from that ob-

served during the pre-aging test was ex-
pected.

5. A cathode activity test was performed

next. Figure 5-23 is a plot of cathode cur-

rent as a function of heater voltage. As

N OPERATING
MARGIN ' "

I J
[-_×. ,_:, I I

C.A,O // I I
_A,U,AT,ON / 1 ..I

I _i _;
% o/

J_ j_ TEMPERATURE

/ i rI I

3.25 3.75

HEATER VOLTAGE - VOLTS

FIGURE 5-23.--Cathode activity test.

shown in the figure, the cathode current

change was limited to 1 milliampere maxi-

mum when the heater voltage was dropped
from 3.75 volts to 3.25 volts.

6. The first thermal-vacuum test was next

performed. The tube was mounted in a

vacuum chamber (having a pressure of 10 -5
mm Hg or less) so that the tube was ther-

mally stressed to limits equal to, or greater,

than those expected in flight. The tube was

operated for one hour and allowed to reach

maximum flight temperatures. Performance

within specifications with related voltages

applied was required. No performance
anomalies were tolerated.

7. Cycled thermal-vacuum test: Each tube

was operated for 24 hours minimum (some

tubes were operated for 48 hours for this

test) at specified cycled conditions of te m,

perature and RF drive. During this test, all

tube voltages and currents, the temperature

of the tube mounting sink, the vacuum pres-

sure, the tube input and output RF values,

and RF spectrum were monitored. No deg-

radation in performance for the specified
period and no observable change in emission
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or focusing over that established at the be-
ginning of the test was allowed.

8. Tubes passing all the foregoing tests

were completely packaged. After this step,
adjustments of the tube within its package
(e.g., focusing and related adjustments)
were not possible.

9. Electrical testing, a preliminary vibra-
tion run, and an electrical retest followed

packaging. Tubes which met all performance
became candidates for design proof or accept-
ance tests.

The Test Program

In addition to the various screening tests
described previously, several formalized sets
of tests were used during the development
and fabrication phases of the A-1245 travel-
ing wave tube. The purpose and scope of
these tests were as follows:

Qualification (Des/gn Proof) Tests

The purpose of this series of tests was to
evaluate the capability of the design to meet
all requirements except life. The tests in-
cluded random and sinusoidal vibration,
shock and acceleration, and thermal-vacu-
um, usually at levels 11/2 times the maximum
stress expected in flight. RF performance

was expected to be unchanged before, dur-
ing, and after the tests.

Acceptance Fests

These tests were performed to ensure con-
formity of a particular production tube with
the qualified design prototype that under-
went design proof testing. The tests were

generally similar to the design proof tests,
except that stresses usually equalled the
maximum levels expected during flight.

Special Tests

These were tests devised to prove particu-
lar aspects of the tubes' performance. Of

particular value during the A-1245 program
was a special design confidence test, during
which tubes were subjected to 30 days of
operation in vacuum, with both thermal and
RF conditions cycled to simulate conditions

expected in flight. The test was used to give
a first estimate of the tube life in a relatively

short period of time.

Life Tests

The Relay I traveling-wave tube was de-
signed to stay within the stress levels (cath-
ode emission, helix current interception,
thermal levels, etc.) previously established
for its forerunner, the A-1228. By doing

this, reliability data, particularly life data,
could be carried forward with validity and
combined with A-1245 data to give a much
more comprehensive life evaluation. The
calculations for MTBF and Confidence uti-

lized the confidence equation:

Confidence -- 1- (m)-exp e--eTm)-
c!

where:

N -- number of units on test
t _ time of each unit tested
m -- mean-time-b_fore-failure
r ---=number of failures on test

This equation assumes that the failure rate
will be constant; that is,

Number of failures
during time interval -- constant;

Number of units operating
at start of time interval

and that the wearout point is beyond the
projected mean-time-to-failure. The con-
stant-failure assumption has been found to
be valid from electron tube life test plans
and is commonly accepted by military agen,
cies. Also, the most likely wearout factor,

cathode emission, has been shown to be well
beyond seven years at the levels used. Thus,
the two assumptions appear valid. The
MTBF quoted is based on information from
tests which were still continuing. The
MTBF projections were expected to increase
as more life-hours were accumulated.

TWT POWER SUPPLY

The traveling-wave tube power supply
consisted of a low-pass input filter, a dc-to-
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ac inverter, two transformer-rectifier-filter

circuits, a timer module and switch, and

telemetry circuitry. The unit performed the

functions of: (1) converting the regulated

22.5 volts dc to the proper filament, collector,

helix, and anode voltages for the TWT; (2)

supplying a 3-minute time delay between

the application of filament-plus-collector

voltages to the TWT, and the application of

the anode-plus'helix voltages ; (3) supplying

an output to the command control unit for

use in the beyond- the-horizon- turn- off

switch; and (4) supplying telemetry outputs

related to the TWT operating parameters.
A block diagram of the unit is shown in

Figure 5-24.
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FIGURE 5-24.--TWT power supply, block diagram.

The wideband subsystem power supply

design philosophy was to provide a separate
power supply regulator for each microwave

repeater. A nominal 22.5_ 1 percent bus

was supplied to each repeater. The actual

design realized for these regulators provided

better than the allowed ±1 percent tolerance

including all effects. In tests run with engi-

neering-model TWT power supplies and sam-
ple TWT's the TWTs were found to tolerate

variations of the power supply input of up

to ±3% with a result of no more than a

0.5 db variation in TWT output. Thus, no

additional regulation was needed in the TWT

power supplies.

To minimize weight it was determined

early in the design effort that an unpressur-

ized design would be attempted. The ques-

tion remained as to whether or not potting

should be used for high-voltage components.

The overall spacecraft specifications did not

require operation of these supplies during

launch or during the first orbit of the space-

craft. Bell-jar tests revealed that the pres-

sure inside the unit, with its multi-holed

cover (see Figure 5-25), lagged only five

minutes behind the outside pressure. Also,

FT_URE 5-25.--Relay I TWT power supply.

similar tests on unpotted development mod-

els did not show corona activity when the
units were turned on one-half hour follow-

ing evacuation of the enclosure. Thus, the
unit was not pressurized and did not include

potted components.

The dc-to-ac inverter used two 2N1016B

n-p-n transistors. Operation started at ap-
proximately 14-volts input. Inversion took

place at a 2.5-kc rate. The output of the

inverter was essentially a square wave and

drove the two high-voltage transformers.

These transformers are oil impregnated

(DC-710). Dry-type transformers with
toroidal cores were found to have excessive

corona. The final transformer design, which

was corona-free, used oil-impregnated wind-

ings potted in epoxy. After rectification and

filtering, filament and collector voltages were
applied to the TWT from one transformer

circuit while helix and anode voltages were

supplied from the other.

A three-transistor timer module delayed
by three minutes energization of the helix-

anode supply following application of input

power, so that full warm-up of the TWT

cathode was provided before beam current

flowed. De-energization of the timer took
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place 10 milliseconds following removal of

input power, requiring execution of a new

3-minute cycle. This ensured that power re-
movals of short duratiofi-w0uid not result
in beam-current flow from a partially heated

cathode.
The dc (load-line) regulation of the unit

helix-anode suppiy required special atten-

tion. During turn-on of the TWT at low
helix-anode Voltage, the helix drew current
much higher than normal (7 to 10 ma) This

caused the tube to behave as a non-linear
resistor, with a negative resistance region
over a portion of its voltage-current char-
acteristic. If the combination of dc regula-

tion and negative resistance is improper, the

tube can "lock-up" at low voltage in non-

operating condition. The helix-anode supply
had a regulation of 20 volts per mmiamp in

the zero to 7-miIliamp loadrange which was
adequate to avoid this difficulty with most
tubes.

The ability to supply the exac_ voltages
needed by a particular TWT was provided

by high-voltage transformer taps. These al-
lowed for variation of the nominal helix and

anode voltages over +6 percent tota| range

with a 1 percent variation between succes-
sive taps.

The major parameters of the power sup-
ply are shown in Table 5-13.

MICROWAVE BEACON

The microwave beason unit provided an
_ _ __

unmodulated carrier at 4079.73 Mc for use

as a tracking signal by the ground stations.
This wasapplied to the TWT input via the
beacon coupler. A block diagram of the unit

is shown in Figur e 5-26. A photograph of

the unit is included in Figure 5-14.

PERFORMANCE

General

A comprehensive set of measurements was
made on each finished repeater. The purpose

of these tests was to verify proper operation

within design objectives and to establish a

set of reference measurements for possible

later comparison with actual in-orbit opera-

T_LE 5--13. TWT Power Supply Parazneters

Parameters Vs|ue

Input vo|tage ..................... 22.5 volts + ! percent

Input power

Operate ........................ 70 watts

Warm up ....................... 15 watts

Efficiency ......................... 75 percent

Output voltages and currents*

FHaments • ...................... 4.25* v. _ 1.6 amps

Collector ....................... 950* v. @ 45 ma

Helix ........................... 2030 v. @ 1 ma (2V2 ma max)

Anode .......................... 1500 v. _ 0.1 ma

Turn-on time delay .............. 3 minutes

Weight ......................... 4.4 lb

Size ............................ J 4" X?" X 2_"
i

• Nominal value

J TRANSISTOR
OSCILLATOR

2N 1493

BUFFER
AMPLIFIER

2N 1493

I

J BUFFER
AMPLIFIER

2N 1493

1

×4 VARACTOR
QUADRUPLER

MA 452O

X9 VARACTOR
MULTIPLIER

MA 4517

1
113.3258 Mc

I
113. 3258 Mc

113.3258 Mc

1
453.3032 k4c

!
J 4079.7288 Mc. 0.5 MWNOMINAL

TO BEACON COUPLER

FIGURE 5-26. Microwave beacon, block diagram.

tion. In general, these measurements re-
vealed n0 _momaioUs behavior an_] clemoh-

strated performance essentially within the

specifications and objectives. The following
material will describe actual measurements

made on one of the Relay I wideband re-

peaters, Serial No. FlA.

J.

i
t__ _
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Output Power

In the wideband mode, the output power,
measured at the TWT output, was 11.6
watts over the expected operating range of
input power. Figure 5-27 shows the output
power level versus repeater input level for
the wideband mode. The block diagram

(see Figure 5-28) shows the test set-up for
measuring output power. The input levels
referred to in this report were measured at
the spacecraft antenna terminals and include

the effect of the input hybrid.

._ 4O

o%
25°C

39

I I I I I
-9O -8O -7O -6O -50 -4O

Pin - dbm

FmURE 5-27.--Output power vs. reference input
level, wideband mode.

38

' 37

SUM

FHIGH

FLOW

I I t I
-80 -70 -60 -50

Pin- dbm

-4O

FIGURE 5-28.--Output power vs. repeater input

power, narrowband mode.

From no signal conditions to about --80

dbm input, the AGC allowed essentially full
gain. There is enough noise in the front-end
to cause nearly full power output under this
condition. Under signal conditions, noise
quieting comes into effect and the noise out-

put decreases.
In the narrowband mode, the output power

was measured for equal input levels, and

for unbalanced input levels. Figure 5-29
shows the individual carrier levels for equal

L

FZGURE 5-29.--Test setup for output power, fre-

quency and spurious signal measurement, block

diagram.

carrier-input levels. Also shown is the sum
power. It should be noted that this sum
power was less than that of the wideband
mode single carrier. When two carriers are

applied to a saturating amplifier, harmonics
and intermodulation products are formed.
Part of the available power is lost in these
products, lowering the available carrier pow-
er. It is noted that at low-input powers
(--80 dbm) the individual carrier powers
decreased, but the sum power remained con-
stant at a value higher than the RMS of the
individual carrier powers. This was due to

the measurements technique. The sum power
was measured by a total power measuring
device, while the individual carrier powers
were measured using a spectrum analyzer
and calibrating signal generator. The indi-
vidual carrier-power values plotted were,
therefore, the carrier only, exclusive of the

noise power associated with the carriers.
The low C/N ratio at --80 dbm most likely

accounted for the additional power appear-
ing in the sum measurement.

The repeater was also checked for proper
limiting when the two narrowband signals
were differing by 10 db in level. Table 5-14
lists the results for several combinations of

input levels. The beacon output power was
24.7 dbm at 25°C and 23.2 dbm at 0°C.

Frequency Response

The repeater was swept in frequency in
both the wideband and narrowband modes
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TABLE 5-14.--Results of Narrowband Mode
Compression Check

Input power, dbm

-70 --70

--70 --80

--70 --60

--60 --70

-80 --70

Output power, dhm

35,47 36.37

35.47 35.47

35.57 36,27

35.57 36.27

35.67 36.27

.... :: C_NrER

to insure that the receiver bandpass char-
acteristics were adequate and not a function
of signal level (see Figure 5-30). The wide-
band mode bandwidth was 34 Mc at 1-db

and 36 Mc at 3-db down. The bandwidth

was measured through the whole repeater
and included the effects of tripling and

limiting.
The narrowband swept response included

the effects of limiting and tripling. The ap-

LINE FREQUENCY: 416§ MC I _I:>ERA:TURE: 25_C

HORIZONTAL SCALE : 5 MC/cm, VERTICAL SCALE: 0.02V/cm

A, INPUT:-40 dbm B: INPUT : - 60 dbm

C. INPUT:- 80 dbm .- . --: ..... ..... - ....

FI61n_ 5-30.--Frequency response TWT--wideband and narrowband modes.
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parent lack of separation between the two
channels is explained as follows, referring
to Figure 5-31: As the swept carrier, in-

FIqURE 5-31.--Narrowband mode block diagram.

method. Noise quieting tests showed that

the actual noise figure was constant, down
to --80 dbm. The slight increase in noise
figure with increase in signal strength was
a result of the decrease in gain of the early
IF stages as the AGC increased. As the gain
decreased, the noise contributions from

stages past the first two (which have no
AGC) increased, increasing the noise fig-
ure. This increase did not impair the opera-

tion of the repeater, since the carrier power
increased at a much faster rate, resulting in
a net increase in carrier-to-noise ratio.

creasing in frequency, reached the top edge
of the bandpass filter, centered at 68.33 Mc,
the limiting amplifier ten_Ied to keep _he
power into the low-frequency tripler:_:_b_n-
stant. Simultaneously, power started to ap-
pear at the output of the high-frequency
tripler. These two powers varied in phase,
in accordance with the transfer characteris-

tics of the total networks. Thus, the two
powers added vectorially and produced a
total output which rose above the individual
channel output and varied rapidly with fre-
quency.

Noise Figure

The small signal noise figure of the re-
peater was 14 db. Figure 5-32 shows the

variation of noise figure with input level.
The high measured readings at --80-dbm
input were a result of the measurement

16

(5

14

0

Z 13

12

\
\

_h.,..MEASURED

\
\

\

_K"_ACTUAL

I ! I I

-80 -70 -60 -50

INPUT LEVEL N dbm

Fw, uRE 5-32.--Noise figure vs. input level.

-40

Transmission Tests

A series of tests were run in both the
wide and narrow_an_d modes to dete_e

t e effect of the repeater on the transmitted

signaIs. =]_-_and m_o_dethe repeater
was measured for group delay and the noise-
power ratio (NPR) for an FM signal carry-
ing the noise equivalent of 300 frequency-
division-multiplex (FDM) voice channels.
Standard TV patterns were transmitted and
crosstalk measured in the audio channel. In

the narrowband mode, NPR and crosstalk
measurements were made for 12-channel

loading.

Wideband Mode

Intermodulation noise measurements were

made, using a flat-baseband noise spectrum
extending from 60 kc to 1300 kc, to repre-
sent 300 FDM voice channels. This baseband

was used to frequency modulate the carrier.
Test tone deviation for 0-dbm0 was 225 kc

RMS. The repeater triples this deviation to
675 kc RMS. Figure 5-33 shows the test
set-up used in the measurements.* A slot
filter was placed in the baseband at 1248 kc,
and the noise measured in this slot after
transmission and demodulation. The result-

ing NPR was then weighted to determine
test-tone-to-noise and converted to picowatts.

*The MM-600 units, referred to in the block dia-

gram, are modulator and demodulator units of an

RCA high-capacity microwave relay design. See

C. G. Arnold, et al., "A High Capacity Microwave

Relay System" Communications and Electronics,

Vol. 45, pages 712-722, November 1959.
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/
BACK TO BACK /

r ....... RF TEST JIG I1 ",
I I
l I

' ] '

TRANSMITTER RECEIVER

I,, I

measured. (The measured NPR included the
test equipment contributions.)

A television test pattern (staircase or
white-window) was transmitted through the
repeater. Comparison with back-to-back
tests showed no visible deterioration of pic-

ture quality for input levels of --40 and
--60 dbm.

Measurement of crosstalk from the video

portion into the audio subcarrier gave a
- - " peak-to-peak reference tone to peak-to-peak

FIGURE 5-33. 300 channel noise loading t-est-setup _ i ....: ........_ _ • no se raho of 66 db. The noise appeared as
a modulation of the audio subcarrier by the

Pre-emphasis was not used in the measure-
ments, so that an allowance of 4 db was
made in the weighting. Table 5-15 shows
the results for an input level of 40 dbm.

Group-delay (differential time delay)
measurements were also made. Table 5-16

lists the linear and parabolic components of
the group delay. Back-to-backme-asure_ments

are also included_fo_r cgr___ctio_n purposes.
Figure 5-34 shows fl_ _ur6-d grodiYde-
lay. The group-delay measuremen[s Can be
correlated with the NPR measurements.

Using the uncorrected group delay 0°C, the
calculated weighted noise power ]s 3,150
picowatts, compared to 2,290 picowatts

TABLE 5-15. 300-Channel Noise-Loadlng Test

Item

Slot frequency ...............

NPR (db) ...................

0 dbm0 TT/nolse (fiat) (db) .__

Noise in picowatts with 4 db.

Pre-emphasis and 2.5 db

psophomctric weighting .....

25°C

1248 ke

49.2 145.6 136.2

1111__1_1111...I 2.61230 pw

0oc

1248 kc

33.5

49.9

2290 pw

Input = -- 40 dbm

TABLE 5-16.--Wideband Group DeNy Mea_uremen_

Source

Overall measurement .....

Back-to-back rcfcrence.._

Repeater group delay ....

Parabolic component

10-_ sec/mc -7

25oc 0oc

0.5 J 0.560.29 0.29

0.21 [ 0.27

Linear component

10 -9 sec/mc

25°C I- 0°C

+o.ofi / -o.19
+0.1fi ] +oa6

--0,i J --0.35

15-kc line rate of the video. The effect is

caused by group delay.

Narrowband Mode

Noise-loading tests were run in the nar-
rowband mode to simulate 12 voice channels,
in each direction. The specifications called
for 12 channels in the baseband of 12 kc

to 108 kc. Because of test equipment limita-
tions, the measurements of the Relay I re-
peater included the effects of thermal noise
which tended to obscure the intermodulation

and crosstalk performance. The measuring
equipment subsequently was modified to
eliminate thermal noise. The measurements

listed in Tables 5-17 and 5-18 are typical of
the narrowban_d performance. It should be
noted that substantially the same perform-
ance has been measured on the Relay I
spacecraft by the ground stations. For NPR
measurements, the baseband was set to give
a 0-dbm0 test-tone deviation of 105 kc RMS

at the repeater input (315 kc at the output),
the required deviation for a 12-channel sys-
tem. Table 5-17 lists the measured NPR of

a typical repeater for baseband frequencies
of 70 kc and 105 kc. The measurements
were made with a CW signal in the second

RF channel to properly load the repeater.
Crosstalk was measured in the unmodu-

lated RF channel. Table 5-18 lists the re-

sults for a typical repeater. The crosstalk
ranged from about 58.4 to 67.9 dbm0.

Spurious Outputs

The output of the repeater was examined
for spurious outputs in both modes. In the
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NOTE:

DUAL TRACES ARE TEN NANOSECONDS APART

POSITIVE

GROUP

A. REFERENCE MM 600 BACK TO BACK ........................... .....
THROUGR RF TEST JIG

SWEEP WIDTH:-+ 8 MC ...............................................................................
.+.==.___..=+..... +_+=_...

..... :...:.= ..:-:: -: ..

1I

T
POS POS

GROUP GROUP

OELAY DELAY

.... i.E,MI_ERA_,U,RE : 2,5+,_C: :: ,;.;.'

B. :-_g; ,NPUT_-40 _bm
SWEEP WIDTH:+_. _ MC i SWEEP WIDTH: +8 MC

, TEMPE RATURE: 0 ° C

FIGURE 5-34.--Group delay measurements.

T TTABLE O--17.--h arrowband ,_oise-Loading Test of a Typical
Re 'Jeater

Item Low channel High channel

Notch frequency ..............

NPR (corrected) (db) .........

0-dbm TT/nolse (flat) (db) ....

Noise in picowatts 4 db pre-

emphasis and 2.5 db CCIR

weighting ..................

70 kc

54

62,6

123 pw

105 ke

52

60.6

190 pw

70 kc

59,7

68,3

34 pw

TABLE 5 18.--Narrowband Crosstal_ in a Typical Repeater

Channel modulated

105 kc Low

58,7 High

67.3

55 pw

wideband mode, the largest spurious product

was at 4193 Mc and was 36 db below the

Channel measured

High

Low

Mod. freq.

105 kc

105 kc

Crosstalk

> 59.6 dbm

._65.6 dbm

carrier. This is the 37th harmonic of the

beacon crystal frequency. This same spur-

ious output was observed during narrow-

band mode measurements.

In the narrowband mode, the noise level
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rose toward the edges of the channels to
about 26 db below carrier level when the

repeater was exposed to the temperature
extreme of --10°C or lower. This noise rise

was due to the presence of some regenera-

tion in the receiver. It was not present at

normal operating temperatures.

AUTHORS. This chapter was written by

J. KIESLING, H. R. MATHWICK, T. WAKE-

FIELD, W. WILKINSON, and I. E. PODRACZKY

of the Radio Corporation of America, Prince-

ton, New Jersey, U.S.A. under contract NAS
5-1272 with NASA/Goddard Space Flight

Center.
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The Telemetry System

Chapter 6

GENERAL

The Relay I_ spacecraft telemetry system
provided four basic functions:

1. Radiation experiment data transmission

2. Housekeeping data transmission
3.Diagnostic data transmission

4. Beacon signal for-Minitrack tracking.

A block diagram of the telemetry system
is shown in Figure 6-1. The telemetry en-
coder, horizon-scanner subcarrier oscillator,

and telemetry transmitter were switched on
and off by means of ground command. Oper-
ationally, one transmitter provided-a con-
tinuous tracking signal, while the other was
commanded on as telemetry or horizon-scan-
ner data was desired. The modulation switch
(located in the command control circuit

!

described in Chapter 7) selected the trans-
mitter to be modulated and the source of

modulation. Only one transmitter could be

modulated at any one time with either telem-
etry or horizon-scanner data.

A 3-db coupler provided isolation between
the teleme[ry _trafism_ffers._=Output of the
3-db coupler fed a dipiexer, where telemetry

signals wer_e"'deeohpfe_dfrom_fhe command
receiving systems. The _]Fp]ex_fffed the four

monepo|es blithe ::dn_e_n _ase prOgres-
sion to provide a circularly polarized wave in

the plane perpendicular to the spin axis. In

any plane parallel to the spin axis, the wave
was linearly _po_!a_nT_zed.The :p°larlzati°n
sense produced by one transmitter opposed
that produced by the other.

DAtA

T_[_q'_Y mITsrRE_

ENCO_i HOriZON

r ........ ,1,__ l SCANN_m'ICAIIRICR

I I ', t ' ....
t t ', i/ i

.... L L__t_*___,
_'_ 1 I/

(1 i_ _F_) _o RA_*IATIO_
7 t_IME_'

Irtl_rrlV

NTENNA

FIGURE 6-1. Telemetry system block diagram.
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THE RELAY I SIGNAL CONDITIONER

Introduction

The function of the signal conditioner was
to provide the following:

1. A 9-volt, regulated, non-switched out-

put for battery telemetry
2. A 9-volt, regulated, switched output

(actuated by the 1152-pps clock pulses from
the telemetry encoder)

3. Solar array and battery current telem-

etry
4. Battery pressure telemetry

5. Battery temperature and pressure cut-
off signals for the charge controller.

Design Approach

The switched telemetry sensor circuits
were energized only when telemetry infor-
mation was being transmitted. When clock
pulses from the telemetry encoder were re-
ceived in the signal conditioner, the 9-volt
switched regulator was energized. This reg-

ulator applied power to all the telemetry
sensor circuits except the battery pressure
and temperature sensors. These two sensors
were energized by the 9-volt non-switched

regulator, since they provided signals for
the battery charge-current cut-off circuits

when normal battery temperature or pres-
sure was exceeded. To conserve array or

battery power, series losses were minimized
by using current transducers in the return

lines of the solar array and batteries.
The signal conditioner, shown in Figure

6-2, consisted of five printed circuit boards
fastened to a mounting plate. Four of the
boards were stacked on one side of the mount-

FICURE6-2.--Signalconditioner.

ing plate, while the fifth, containing the cur-
rent transducers, was on the other side. The

power transistor for the 9-volt switched
regulator was mounted on the plate to pro-
vide an adequate heat sink. Finally the

mounting plate was fastened to the space-
craft structure.

Operational Description

General

A block diagram shown in Figure 6-3
indicates the various stages in the signal
conditioner.

9-¥olt Regulators

Both 9-volt regulators were series type
regulators, with a series resistor and tran-
sistor between the unregulated bus and the
9-volt output. The output was fed back to

a differential amplifier, one side of which
contained a zener reference. One collector

of the differential amplifier drove an emitter
follower connected to the series output tran-
sistor.

The switched 9-volt regulator was turned
on and off by controlling the base voltage of
the emitter follower. The control voltage

was obtained from the square-wave supply.

Square.Wave Supply

The input to the square-wave supply, a

1152 CPS __
CLOCK

SOtAR ARRAy

CU_RRENT

TOTALcL_RRENTBATTERY-- _"

FROM J

UN REGUT.ATED L

BUS

I WAVE 9 VOLT OUTPUT

LJPPLY P TO TLM SENSES

TLM VOLTAGE
TO ENCODER

ANS DUCER TLM VOLTAGE
TO ENC OD,ER

TO BATTERTY
i TLM SENSORS

TEMP,

SIGNALS CUT-OFF

SIGNALS

TO CHARGE

CONTROLLER

PRES.

SIGNALS

TLM VO'_TAGE

EO E NC ODER

FICURE6-3.--Signal conditioner block diagram.
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0-to-10-voltpulseat a frequencyof 1152 pps, _t_e,yCha,geCut.a_f

was appliedonly when the encoder was on: The signal Conditioner-include_the bat-

The input pulsescharged a capacitorin an tery pressure and temperature cut-offcir-

RC circuit,which tur_ed on==atransistort0 cuitry.Because thesecircuitspertainto the

energ/ze the 9_v01t switched regUIa_or/ power supp]y rather-than to telemetry func-
When _he input was fem0ved_ the capacitor tions,they are descr[be_[ ifi Chapter 8.
disc_ha_rged, and the transistor and 9-volt
switched regu)ator were turned off. Eq_ipme,tPe,_or,,,o,,e

The other square-wave supply output was Unregulated bus input current
Obtained from a zener diode, which was 1. Encoder off: 24 milliamperes
tfirfi_ed offeach time the input pulse grounded 2. Encoder on : 66 milliamperes
the diode through a transistor switch. The Telemetry signal range
output, 0-to:15-vot_lses at the same repe- 1. Solar-array current,

tition ra_=as_uV, _was capacitively 0 to 2 amps: 0.7 to 4 volts
coupled to the current-transducers. 2. Battery current,

...... :=__=_'_ _ : : _ _ _--3 to ÷5 amps: 0.7 to 4 volts
Solar-Arrayo,_S°'e',/_:,,e_-_e_eme,y=_....... = _ Regulated voltage for telemetry sensors

Solar-array am]'_fJa-_e_y:=currents were l.-Encod-=er=0n: 9 _volts +_-0.8 volts*

passed through one w_nding-sf separate cur- 2. Encoder off: less than 1 volt

rent transducers. A current transducer con- Regulated voltage for
sisted of two tape-wound cores with a current batiery_sensors : 9 volts -b 0.8 volts*
winding of few turns and an output wind- Telemetry signal for

ing of many _gumS.: :One end of the output battery pressure: 0.57 to 4.5 volts
winding was connected to the pulse output of
the square-wave supply and the otherto the THE RELAY I TELEMETRYENCODER
peak-detector input. Since the impedance of Introduction
the output winding was proportional to the

The function of the telemetry encoder wasde current in the current winding, an ae
to accept the necessary spacecraft data andvoltage was produced at the input to the
to multiplex it into a form suitable for trans-peak-detecgor, proportional to the array or

battery current: ................. mission to the ground via the telemetry

The positive half of the voltage input to transmitter. Thus, the encoder was inter-
faced with various data transducers, sensors,the peak-detector charged a capacitor in an
and signal conditioners at its input, and theRC circuit. Because the RC circuit had a

long-time-constant, the capacitor tended to telemetry transmitter at its output.
charge to the peak value of the input. The The following describes the factors which
output of the peak-detector was fed to the contributed to the development of the en-
telemetry encoder, coder specifications.

Battery Pressure Telemetry _ _ Telemetry Data Requirements ::

The pressure signals were either zero or Commensurate with the estabii-shed mis-

9 volts depending on whether battery pres- sion objectives, the telemetry data require-
sure was normal or high, respectively. The ments were analyzed on the basis of two

signals from the three pressure sensors (one major functional areas: (1) Diagnostic and
per battery) were applied to an arrangement spacecraft status data necessary for efficient
of resistors. From the output voltdge level and controlled operation of the spacecraft;
of the resistormatrix , the pressure status of and (2) Scientific experiment data for de-
each of the :three _)atteries could be teiem-

*Initial tolerance only, regulation was better than
etered. 0.1 volt.
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termining environmental survival capabili-

ties of critical spacecraft components (solar
cells and silicon diodes), as well as estab-

lishing radiation environment parameters at
orbital altitudes. A summary of the channel
requirements is shown in Table 6-1.

Diagnostic and spacecraft status data
included information associated with pow-
er, thermal, wideband-communication, and

tracking-and-command subsystem operation-
al parameters. These were voltages, cur-
rents, temperatures, power levels, command
verification, battery pressures, and telemetry
calibration signals. The form of this data

presented to the encoder was exclusively
high-level analog, with the signals at uni-
form 0-to-5-volt levels.

Scientific data included information from

experiments that determined the extent of

radiation damage to various types of solar
cells and silicon diodes, and from particle

detectors that measured the intensity, direc-
tion, and type of radiation encountered by
the spacecraft. Data forms included analog,
digital, and pulse signals. Analog signals
were both high level (0 to 5 volts) and
medium level (0 to -_200 mv), while the
digital signals were either 0 or 4 volts. Pulse

signals were specified ata maximum input
rate of 100 kc at a minimum amplitude of
5 volts.

Telemetry encoder information flow re-
quirements, as established by detailed analy-
sis of the above data requirements, are
shown in Figure 6-4. To meet the accuracy
requirements and to provide capability for
handling the quantity and various forms of
data, a time-multiplexed PCM system was

TABLE 6-1.--Relay I Telemetry Channel Allocations

Description

Diagnostic and status

Power subsystem ..............

Thermal subsystem ..............

Wideband communications

subsystem ..................

Tracking and command subsystem

Scientific experiments

Radiation monitor experiments ....

Radiation effects experiments

(includes two medium level

calibration channels) ............

Sun aspect indicator .........

Miscellaneous data

Frame sync ....................

Suhcommutator identification .......

Calibration voltages .............

Separation signal ................

Totals .................

Analog

High level
(O-Sv)

.3

17

1

II

2

12

1

6

13

74

Medium level

(0-200 my)

32

32

Digital
bits

113

6

27

6

1

153

Sampling rate

1 sample per see.

I sample per 64 sec.

I sample per second

1 sample per 64 sec.

1 sample per second

1 sample per 64 sec.

1 sample per second

1 sample per 64 sec.

I sample per second

1 sample per second

1 sample per 64 sec.

100 samples per 32 sec.

1 sample per 64 see.

1 sample per second

1 sample per second

1 sample per second

1 sample per second

1 sample per 64 sec.

1 sample per second

Words

per
second

3

17/64

1

11/64

2

12/64

l

6/64

113/9

1

4/64

100

13/64

6/9

3 i

6/9

2

1/64

1/9

128

Bits

per
second

27

153/64

9

99/64

18

108/64

9

54/64

113

9

36/64

900

117/64

6

27

6

18

9/64

1

1i52 _
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RELAY - HIGH RATE DATA
10 MEASUREMENTS

INCLUDING TWO REF. VOLTS)

EXP. A THROUGH F
PULSE DATA

7 PULSE TRAINS

EXP. G
SOLAR CELL RADIATION DAMAGE

SHORT CIRCUIT CURRENT OF 30

CELLS OF VARIOUS TYPES AND
PROTECTION PLUS TWO

REFERENCE VOLTAGES.

EXP. H
DIODE RADIATION DAMAGE
6 DIODES

TEMPERATURES FOR G & H
8 MONITORS

RELAY MONITORS

VOLTAGES
CURRENTS

TEMP. 50

2 REF. VOLT.

SOLAR ASPECT

6 BIT DIGITAL DATA

EXP. A THROUGH F
DIGITAL POSITION DATA

5 BITS

SEPARATION INDICATION

(DIGITAL) 1 BIT

-i
_1

1
i 7LINES \
I /

I Ix

I _2PAIRS
I /
I
I
I
I

i
Jj 64 LINES

I
I

t
I

I
I
I
I
I

10 LINES \
/

\

J

TELEMETRY ACCUMULATORS - ?08

STAGES IN SEVEN REGISTERS

READ OUT AS 12-9 BIT WORDS

SUBMULTIPLEXER .q]

32 CHANNELS 0-200 MV (DIFFERENTIAL
AMPLIFIED TO +5 VOLT FULL SCALE

SUBMULTIPLEXER #2

64 CHANNELS 0_,SV

FULL SCALE SINGLE ENDED

6 BIT CODE GENERATOR

FOR CHANNEL IDENTIFICATION

(THIS CODE WILL ALSO BE USED
FOR IDENTIFICATION OF

SUBMULTIPLEXER = 1 CHANNEL)

NOTE: BOTH SUBMULTIPLEXERS STEP

ONE CHANNEL PER MAIN
MULTIPLEXER FRAME

12 LINES

t08 Lines

(12 Words) /

lb.
W

BLINES

10 ANALOG GATES
DATA ROUTED TO

A-D CONVERTER

12 DIGITAL GATES

(9 BITS EACH)

1 ANALOG GATE. DATA
ROUTED TO A-D

CONVERTER. THIS

GATE OPEN FOR 100
CONSECUTIVE WORDS

1 ANALOG GATE. DATA
ROUTED TO A-D
CONVERTER

2 DIGITAL GATES

(9 BITS EACH)

3 DIGITAL GATES

(9 BITS EACH)

4,
SPLIT PHASE NRZ-PCM

t____ TRAIN TO TRANSMITTER
j FRAME SYNC GENERATOR 27 LINES

128 WORDS PER FRAME
j 27 BITS _'_ 9 B(TS PER WORD

I FRAME PER SECOND
BIT RATE - 1152 PER SEC

chosen. The system utilized a word format
of nine bits per word.

Functional System Description

A bIock diagram of the system configura-
tion is shown in Figure 6-5. High level (0
to 5 volts) analog signals were fed through
single-ended transistor commutator switches

to a nine-bit analog-to-digital (A-D) con-
verter, while medium level (0 to 200 mv)
signals were fed through a differential
commutator and amplifier before being con-
verted to nine-bit words by the A-D convert-
er. Digital signals were grouped into

nine-bit words and presented in parallel to
transfer registers which stored the informa-
tion for subsequent serial transmission.
Pulse signals from the radiation experiments

were counted in binary accumulators that
were sampled periodically and multiplexed
with other spacecraft data.

The main commutator was a 128-channel

commutator with a time-slot configuration,

FIGURE 6--4. Telemetry eneoder information flow diagTam.

as shown in Figure 6-6. Of particular note
is that 100 of the i2g time slots were Occu-

pied by one channel of the 32-channel,
medium-level subcommutator. This super-
Commutation technique was a result of the

high sampling rate required by the solar-cell
experiment.

The solar-cell experiment consisted of
measuring peak voltage outputs of solar cells
mounted on the external surface of the

spacecraft. With the orbiting spacecraft
spinning at approximately 150 revolutions
per minute, this sampling technique ensured
the measurement of peak voltage output as

the cells rotated from sunlight to darkness.
This experiment could be used also as an
indirect check on the spin rate of the space-
craft by measuring the time between output
voltage peaks of a single solar cell.

The main commutators frame rate was one

frame per second, while the subcommutators
stepped one channel per revolution of the
main commutator.
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r . 64 L

6 BITS

SUBCOMMUTATOR

iDENTIFICATiON
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WORD RATE

10 INPUTS O -

32 INPUTS

0-SV L
64 CHANNEL

64 INPUTS C ONV4_UTAT OR

_s/64SEC.l

TED VOLTAGES

oR,
12 SEC.

POWER INPUT 24V - 33V

THREE ONE 27 BIT [ THREE I13 BIT ACCUMULATOR 14 BITACCUMULATORS ACCUMULATORS

"x/
PULSE INPUTS FROM RADIATION MONITORS

SERIAL
SPLIT PHASE NR2

PCM OUTPUT

12 DIGITAL INPUTS

FIGURE 6-5.--Telemetry encoder block diagram.

MAIN MUL,rIPLEXER `rIME SLO,rS

I ,,®_,°I .... ,_ ®_

, _ , s , II ',I
z7 1 4J :5 t 4' 31r4113 1 I I I I

] ! e,,r iB're .... 'BIT BITIB t- I I_-ii , I i
l l i I ] I, W I_ l l-ll

; 't , I ,,, ,i ,_I I_I
I J GRP I GRP J GRP I _ I+l I_l

IFRAME l l I j 2 3 l _ I i I I
SYklC I ACCbMULATOR_J HIGH SPEEO ANALOGS I : SUBMULTIPLEXER I

NOTE I: FIRST SIX BITS OF 16 -- SUBMULT[PLEXER IDENTIFICATION

LAST THREE BITS OF 16 AND FIRST THREE OF 17 -- SUN

ASPECT BITS 4 -- R OF 17 -- DIGITAL POSITION FROM

RADIATION MONITOR LAST BIT OF 17 -- SEPARATION SIGNAL

NOTE 2: ALL DIGITIZED ANALOG INFORMATION [_ TRANSMITTED

MOST SIGNIFICANT BIT FIRST.

NOTE 3: ALL ACCUMULATOR DATA IS TRANSMITTED MOST

SIGNIFICANT BIT FroST.

FIGURE 6-6.--Frame timing for telemetry encoder.

Accumulators were divided into three 13-

bit, three 14-bit, and one 27-bit binary
counters. The 14- and 13-bit accumulators

counted for 10 seconds, after which input
pulses were inhibited and _he fixed parallel
outputs were sampled for two seconds prior

to resetting the six c_unters in preparation
for another 10-second count. The 27-bit ac-

cumulator operated continuously, whether

the prime encoder power was on or off. Ac-
cumulator inputs were derived from the
radiation monitor experiments.

The five-volt reference source was used

for calibration of high-level analog channels
on the main and 64-channel subcommutators.

Calibration voltages for the medium-level

subcommutator were supplied from radiation
effects experiments.

System Implementation and Performance

Characteristics

The telemetry encoder embodied solid
state circuitry exclusively to accomplish its
functional requirements. Over-all perform-
ance characteristics are listed in Table 6-2.

Basic timing for the encoder was derived
from a crystal-controlled oscillator, followed
by a chain of counters. Outputs of the count-
ers were used to drive transistor logic gates,
from which all timing requirements were
realized.
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TABLE6-2.--Encorder Characteristics

E

E

Output code

Frame format ....................

Word format .....................

Frame syne ......................

Frame rate .......................

Bit rate ..........................

Output signal
Format ..........................

Output level .....................

Output impedance ................

Clock stability ......................

System transfer accuracy

High-level input (0-5 v) ...........

Low-level input (0-2_ mv__ z .......
Main multiplexer

Total channels .......... __ _" _....

Sample rate......... . __ .... _ _ ....

Analog inputs ....................

Channel input impedance ..........

Back current during ...............

sample period.

Leakage current during ............

non-sampllng period.

Submultiplexer No. I

Total channels ....................

Sampling rate ....................

Analog inputs ...... ____- .........

Channel input impedance ..........

Back current during ...............

sample period. ::

Leakage current during ............

non-sample period,

Submultlplexer No, 2

Total channels ....................

Sample rate ..... _.... -- - .........

Channel input impedance ..........

Back current during sample period..

Leakage current during ............

non-sample period.

Input power ......................

Mechanical characteristics

Weight ..........................

Volume ..........................

Operating temperature range .......

128 words per frame

9 data bits per word

Three 9-bit words (27 bits),

adaptable to various codes

I frame per second

1152 bits per second

Serial split phase NRZ-PCM

The output signal consists of

two voltage levels defined
as follows:

Log" voltage 0 to 0.5 v

High voltage 3,5 v to 4.5 v
5000 ohms

o.o1%

± 0.5% over-all

+ 1.0vT0over-all

128

One sample per second for

each channel

0-5 volts

Analog: 1 megohm minimum

Digital: I00 kilohms minimum

0.25 microampere maximum

0.05 mieroampere maximum

32

One sample per 32 seconds
for each channel supereom-

mutated to 100 channels of

main commutator

0 to 200 millivolts

100 kilohms minimum

0.25 microampere maximum

0.05 micronmpere maximum

64

One sample per 64 seconds

for each channel

1 megohm minimum
0.25 microampere

0,05 microampere

9.0 watts maximum, with an

input voltage range of 24
to 33 volts

8 pounds

140 eu. in. (approx.)

- 20°C to -{-600C

High-level commutator switches were sin-
_:_= gl ppie transistor circuits with bootstra ng to

_: : obtain high input impedance. Medium-level

switches were matched transistor pairs to

_reduce d!fferentjai__pffset voltages to values
consistent with accuracy requirements.

j__:--= , The output of the medium-levei-commu-
tator was fed through a differential ampli-

tier, that had a gain of 25. This amplifier
provided both a uniform 0-to-5-volt signal
to the main commutator and 60-db common-

mode rejection.
Binary counters capable of operating at

rates of 100 kc were utilized as pulse ac-
cumulators.

A PDM keyer and a pulse counter to con-
vert 0-to-5-volt analog signals to a nine-bit
word were included in the A-D converter.

A significant feature of the converter design
was that dc voltage drifts and offsets in the

system were corrected automatically for each
word. This was accomplished by sampling
a zero correction voltage before sampling
the analog signal. The offset from true zero
was subtracted from the encoded output.

Frame synchronization utilized a 27-bit

truncated pseudo-random code. This code
occupied the first three word slots of the
main commutator. Subcommutator channels

were identified by a six-bit code derived from
the divide-by-64 counter used to drive the
subcommutator channel selection matrix.
Subcommutator identification was transmit-
ted once for each revolution of the main

commutator.
A dc-to-dc converter was also included in

the telemetry encoder to supply the neces-
sary regulated voltages from the unregulated
bus.

Physical Characteristics

The unit contained a total of 5600 sub-

miniature components and utilized a cord-
wood construction packaging technique with
printed boards. This technique made possi-
ble a significant reduction in volume result-
ing in a unit of less than 140 cubic inches.
The final unit was completely encapsulated

in a Silicone rUbber compound for high re-
Sis:_ance to shoc_ :and'v_ration. =A :plc_ure

of the complete unit prior to encapsulation
is shown in Figure 6-7. The weight of the
potted unit was 8 pounds.

Reliability

Due to the telem-e-[r.v-encoder's complexity

and spacecraft physical constraints, no re-
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FmURZ 6-7.--Telemetry encoder.

dundancy was used in the design. In order

to achieve reliability goals, preferred com-
ponent parts for spaceapplications were
used along with a stringent pre-conditioning
program. The calculated mean-time-before-
failure was 10,500 hours considering all
parts in series and in continuous operation.

THE RELAY I TELEMETRYTRANSMITTER

Introduction

The following paragraphs describe the de-
velopment, design and construction of an
alI- solid- state, phase- modulated, telemetry

transmitter used in the Relay I telemetry
system. The system employs pulse code mod-
ulation which results in a PCM/PM trans-

mission, and yields a transmitted signal of
high-order frequency stability with a mini-
mum of transmitter input power.

Transmitter output frequencies are
136.140 and 136.620 megacycles. Power out-
put is a minimum of 250 milliwatts for

supply voltages of 24 to 33 volts and 200
milliwatts minimum at 22 and 35 volts.

Power input is specified as 2.0 watts at 28
volts.

The transmitter developed to meet this

specification is shown in block diagram form
in Figure 6-8. Specification highlights ap-
pear in Table 6-3.

Development Program

General

Originally it was planned that the telem-
etry transmitter for Project Relay would
consist of an off-the-shelf unit chosen be-

cause of compatible performance character-
istics and successful completion of a field
test program. A number of vendors were
contacted concerning their products. A tab-
ular list of the performance obtainable and
the field history of each unit was made.

A review of the data indicated that none

of the available equipment would operate
over the specified wide range of supply volt-
ages while meeting the specified power input
requirements. Furthermore, most available

equipment did not meet MIL-I-26600 with
regard to antenna conducted interference
without using an additional RF filter.

Results of this survey and specification
changes necessary to permit procurement of
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TXBL_ 6-3.--Transmitter Specification Hiohliohts

Frequency ..........
Frequency stability _-

Power output ........

Modulation-phase ....

Spurious R F output..
Power input .........
Supply voltage .......

Weigh t .............
Size transmitter ..... b
Transmitter set ......

136.140 Me and 136,620 Me
± .003%, -- 10°C to +350C

200 milliwatts rain., 22v and 35v
250 milliwatts rain., 24v to 33v
120 ° to 150 ° for modulation rates of 600-1200

cps and inputs of 0.0 ± 0.5 volts for mark
and -t-3.3 to ncS.0 volts for space

74 db down minimum
2.0 watts maximum at 28v
_24 to -t-33 specified operation
-[-22 and -{-35 Limited performance
2.0 lb. Maximum
4.0I X 4.031 X 1.26
4.0I X 4.031 X 2.45 (not including flanges and

plug protrusions)

an off-the-shelf transmitter were evaluated.
After consideration of all factors involved,

it was decided that a new transmitter should

be developed, tailored to the needs of the
Relay I spacecraft.

It was recognized initially that obtaining
the necessary efficiency of the driver and
power amplifier was the most difficult prob-
lem to overcome. Further, variation charac-
teristics of the supply voltage were not

optimum for suitable transistors available
in this frequency range and power output
level. Therefore, a design program of the
following two parallel approaches was initi-
ated.

The first approach consisted of using
2N1493 silicon mesa transistors in a conven-

tional, Class C, driver-PA configuration. In
this approach the problem concerned obtain-
ing suitable operating conditions over the
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required range of operating voltages. Since

the 2N1493 operates with higher supply
voltages, operation could not be guaranteed,
at that time, at lower power supply voltages.
Conversely, transistors such as 2N706 and

2N743 cannot withstand a supply voltage

of 22 to 35 volts without adding dropping
resistors to dc-to-dc converters. Voltage
conversion would have resulted in intoler-

able power losses.

Accordingly, an alternate scheme for the
driver and power amplifier was tried in
which dc parameters of the two were in
series while ac circuits were in cascade.
Figure 6-9 shows how such an arrangement
was made and compares with selected cir-
cuits. Thus, the entire voltage of the power
supply was utilized without extensive volt-

age dropping networks or power conversion
circuitry.

Along with the plan to solve the most
critical problem, that of the driver-PA, a
parallel effort was started to design the
oscillator and modulator section as well as

the multiplier driver and X4 multiplier sec-
tion of the transmitter. Performance data

was summarized daily to establish a final

2N743

O-- - 2N7,13 OUTPUT

INP'dT

.COl

ALTERNATE DClV[R & PA,

OUT_VT

SELECTED DRIVER & PA.

FIGURE 6-9.--Alternate and selected driver and

power amplifier circuits for telemetry transmitter.

approach to the driver-PA configuration and

to determine the possibility of ultimately
meeting the specification.

Data taken on two types of driver-PA
configurations is shown in Table 6-4. Note

TABLE 6-4 --Breadboard Transmitter Performance

Alternate driver PA

E supply I Supply

volts ma.

22 62,0

28 77.0

33 92.0

Pin Power output

watts mw

1.30 200

2.15 330

3.04 340

Selected driver--PA

22 46 1.0l 220

28 68 1.91 350

33 74 2.44 420

that 2N1493's yielded the desired perform-
ance and represented circuit simplification
over the 2N743 approach. In addition, the
circuit was inherently more reliable, since a
parallel application of supply voltage was
better than a stabilized series circuit. The

alternate scheme also depended on using

zener diodes to stabilize operating points.
Zeners consumed power and consequently
lowered the circuit efficiency. Figure 6-10 is
a block diagram of the breadboard circuit.

This was the basis from which the proto-
type transmitter was developed.

Oscillator

A grounded-base 2N1493 circuit was se-
lected for the oscillator. This circuit em-

ployed a third-overtone crystal as the
stabilizing feedback element from collector
output tuner circuit to emitter. The crystal

selected was a glass encased unit chosen for
high accuracy of initial finishing tolerance,
broad turning point (---+.0005% drift maxi-
mum over a temperature range of --10 ° to
+60°C), and low aging. Oscillator output

had to be loosely coupled to the phase modu-
lator to reduce phase modulation of the
oscillator itself and resultant spurious trans-

mitter outputs.



CRYSTAL
OSCILLATOR

2N1493

BUFFER
AMPLIFIER

2N1493

|

i r

p-

I ....

Lf_

i :'_"

!
!

i

THETELEMETRY SYSTEM

 V ACTORDIODE
PHASE

MODULATOR

!

I

I
I

B+

y B- BUS

LINE
FILTER

_o_

BUFFER _J VARACTOR

AMPLIFIER DIODE
2N 1493 X4

MULTIPLIER

DRIVER

AMPLIFIER
2N1493

FIGURE 6-10. Breadboard telemetry transmitter.

Phase Modulator

- The phase modulator circuit consisted of
a varactor diode acting in series resonance
with a fixed inductance. Modulation varied

the bias applied to the varactor-dTo_e, thus
changing the tuned circuit resonance curve.
This resuRed in £ linear phase shift.

Buffer Ampllfiet and Multiplier

Output of the phase modulator drove a
buffer ampIi_fier_which increased the power
level to about 250 milliwatts at 34 Mc. Out-
putoi_-the_buffer cir0ve th_e-varactor-X4

multiplier.

Filter Power Amp[ifler ........

A three-pole LC synchrono_filter fol-

i39

FILTER

POWER F

AMPLIFIER
2N1493

drove an RCA type 34289 (high gain 2N1493
at 24 v) UI=IF driver-amplifier that employs
a combination of fixed and self-biasing. Out-
put of the driver-ampllfier, in turn, drove
the 34289 class C power amplifier achieving
an RF-output-to-collector-input efficiency of
about 60 percent at the" 300 milliwatt level.

Output Circuit

A two-section low-pass filter was used to
reduce second and higher order harmonics
whic h Were generated in the power output
stage. Adiode rectifier connected to the trans-
mitter output provided power output indica-
tion which was fed as a signal to the telem-

etry system encoder.

lowed the X4 multiplier, and is used to-at- rg__g -

te_n_ _ a_]iacent _armon]c_tputs of the Modulateon _-inl_t _ 'the tr_nsm|tter Was
multiplier (×3 and ×5). Filter output clamped at _0.5 and _-3.3 volts. Clamping
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at these levels provided additional limiting
which further increased system reliability.
Initially a 0 to 2.0-volt input was specified,

but this resulted in an input impedance that
was too low for system applications.

Regulators

Finally, a series regulator circuit controlled
the drive over the input supply voltage range
of 24 to 35 volts to keep the transmitter
within the 2.0 watt input power limit. (Fig-

ure 6-11).

Lead Filters

Power leads as well as modulation input
and test point output leads were filtered by
Allen Bradley Type SMFO-1 filters. This unit
was essentially a ceramic feedthrough capac-
itor with a ferrite bead that acted as a low

resistance at radio frequencies. The ac re-
sistance of the bead and the capacitor formed

a filter that had the inherent ability to ex-
tend filtering action to cover high order har-
monics.

Temperature Mon_torlng

A thermistor was used to sense tempera-
ture on the case of the transmitter.

Mechanical

Flight model telemetry equipment con-
sisted of two transmitters that were identical

except for frequency. These were mounted
together with a common center cover plate,
a top cover for the upper transmitter, and
a bottom cover for the lower. The bottom

cover also served as a mounting plate. This
mechanical arrangement permitted both
transmitters to be mounted in the spacecraft
with a minimum of weight and volume.

The individual transmitter chassis was

compartmentized and fabricated of dip-
brazed aluminum. This type of construction

was chosen for minimum weight and good
heat conduction.

Point-to-point wiring using pressed and
soldered ground lugs, and teflon insulated
feedthrough terminals formed the basis of
secure mounting points for the components.
Point-to-point wiring was an effective expe-

dient which permitted maximum flexibility
to accommodate the changing requirments of
the program.

Transistors were mounted on the chassis

by passing their leads through the teflon-
insulated feedthrough terminals. A beryl-
lium oxide washer was used to insulate the

transistor case from the chassis and, at the
same time, to permit good heat flow from
the transistor case to the metal chassis. The
washer and transistor cases were further

secured by use of an epoxy resin. No failures,
in either qualification tests (vibration, accel-
eration, and thermal vacuum) or acceptance
tests, were attributed to mechanical damage
or thermal failure.

The remaining components and wires were
selectively potted with epoxy resin. This
technique saved weight by reducing moisture
retention, a fault of complete encapsulation.

The Alien Bradley, Type SMFO-1, RF line
filters required exireme care in mounting.
A special mounting bar was designed which

permitted assembly (soldering the filter into
the mounting bar) in a special fixture. The
fixture held the filters in alignment without
mechanical strain while heat was applied.
This special mounting bar could be removed
from the transmitter for easy filter replace-
ment.

The covers for the transmitter had finger
stock soldered to the edges which minimized

RF leakage.

Majo¢ Problems

After product design began, following the
breadboard phase, the problem of obtaining
transistors with high-gain at 22 and 24 volts
and 139 Mc presented itself. A power gain

of 7 to 10 db minimum was i,equired of the
driver and power amplifier. Part of the solu-
tion to this problem was a change in design

concept of the coils which were, for the most
part, fixed-tuned. Tunable coils, as well as
trimmers, permitted more flexibility in
matching the impedance variations at these
low voltages.

The second part of the solution consisted
of developing a transistor test fixture. Selec-
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tion of 2N1493 transistors in this test circuit

produced a yield of almost 50 percent and
resulted in obtaining transistors which
matched the transmitter range of circuit im-
pedance at low voltages and possessed suffi-
cient power gain at 137 Mc,

Another design probJem, which required

considerable effort, was that of minimizing
the reaction of the phase modulator on the
crystal oscillator. The reflections of the phase
modulator, when modulation was applied,
fed back to the oscillator resulting in an un-
stable condition. As a result, more isolation
was required between the oscillator output

and the buffer amplifiers associated with the
phase modulator.

The reduced drive made it mandatory to
optimize the efficiency of the multiplier and
reduce to a minimum the insertion loss of

the bandpass filter which allows the mul-

tiplier.
Early in the design phase it became appar-

ent that higher order harmonics generated
in the driver and power amplifier section of
the transmitter would not be sufficiently at-
tenuated to meet MIL-I-26600 antenna-con-

ducted interference, requirements. Accord-
ingly, a two-section, low-pass, 0.5 db inser-

tion loss output filter was designed. This

caused a power decrease of approximately 20
percent which, when multiplied by a factor of
two to allow for the efficiency of the driver
and power amplifier, required a transmitter
power input of more than the design goal of
1.5 Watts at 28 volts, :

The transmitter design, in fact, could not
at first meet the required 200 milliwatts out-
put at 22 volts and stay within the power
input requirement_of 2.0 watts at 28 volts.

Certain _eIe_cted transistors could be used to
accomp_h this ; however, the selection would
have resuited in a very low yield. Test data
showed that power output (and correspond-
ing power input) could be obtained by lim-
iting the drive to the output stages of the
transmitter. Accordingly, a series voltage

regulator (see Figure 6-11) was designed to
regulate the drive-governing :circuits and

also mlnimize loss of power above the point

+22V }

TO O

SUPPLY

IN470B _ ._T__ i i

. BUS

Fmv_E 6-11.--Final regulator circuit added

to transmitter.

of regulation (22 volts).
A minor problem was that of poor signal-

to-noise ratio. It was f0fifid that zener diodes,
used to establish Voltage references, were

apt to cause a relatively large amount of
noise' Additi0nal RC filtering of the zener
diodes feeding sensitive points remedied this
problem. Figure 6-12 shows the points of
additional filtering required to reduce the
noise modulation caused by the zener diodes.

Another major problem-encountered early

in the design concerned measurement of
phase deviation with square-wave displace-

(A) REGULATOR Q6
0

RIO

Rll

(B) Q3

T4

/

L3

:CI6

• _ ci9

4

-B

_..1
6+ '_"

FIG_. 6-12.--Zener filter points,

.____ C21

' R20

' 15K
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ment. The most convenient method of phase
measurement makes use of the principle that
a sinusoidal phase modulation produces a
peak deviation identical to that of FM. The
formula, f--Mp times the modulating fre-
quency, is used to express the relationship

/--peak deviation from mean carrier fre-
quency and Mp=peak phase shift in radians).
This relationship makes phase modulation
measurement simple, and an FM deviation
meter such as the Marconi 791D can be used.

The relationship, however, does not hold

for square-wave modulation. Two other
means can be used, however. One method is
to employ a phase-lock receiver with a cali-
brated phase detector, and make a compari-
Son of shifted signals with the phase-lock
carrier, as shown in Figure 6-13. The other
method uses a spectrum analyzer, with Bes-
sel zero analysis. Since it was found desir-
able to use the phase-lock receiver not only
to measure phase shift, but also to observe
the demodulated transmitter output, the
phase-lock receiver test setup that was used
is shown in Fgure 6-14.

The transmitter deviations were measured

TAL _ SHIFT =
A

_- X360 °

SIGNAL

OUTPUT

C_

___ TRIGGER

FIGUaE6-13.--Phase comparison.

using this receiver prior to, during, and after
qualification testing. Shortly after the quali-
fication tests were completed, the transmit-
ters were checked at Goddard Space Flight
Center for compatibility with the ground
receivers. Phase calibration between Goddard

and RCA was compared, and results agreed
to within 2 ° . The tests did reveal, however,
that the demodulated waveshape showed evi-
dence of poor low frequency respon§e. This
was subsequently traced to audio feedback
to the oscillator circuit, and subsequent fur-

ther decoupling of the oscillator circuit elim-
inated this trouble.

During qualification tests, the spurious out-
put of the transmitters at frequencies below
the transmitter center frequency was not
down by 74 db as required. Tests disclosed
that these frequencies (68 Mc and 103 Mc)
appeared on the --B line via a ground loop
in the )<4 varactor-multiplier bypass return

(see Figure 6-12). These frequencies then
passed through the RF amplifier and the low
pass filter to the antenna. Removal of the

coupling path resulted in bringing the output
to specified levels.

A preliminary integration with the gating
circuits of a simulated spacecraft command
control box was made. The tests verified that

the modulation input of the transmitter was
compatible with the preliminary control box
units.

Qualification vibration tests revealed diffi-
culty in one component attachment: a coil
lead on one transmitter broke. The coil was

potted, retested and passed. Previously, this
component had not been potted.

Flight Model Program

The transmitter output sensing circuit was

changed during the course of the flight model
program. Originally, it Was conceived that

this signal was to be within the limits of
0 to 5 volts at a power supply voltage of 28
volts. Since the outputs of the power output
and voltage sensors of most transmitters
were near 5 volts with a 28-volt supply volt-

age, sensor outputs of over 5 volts were ex-
perienced at 33 and 35 volts. Figure 6-15
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FIGURE 6-14.--Laboratory phase lock receiver.

shows the circuit before and after the modi-

fication made to reduce this output voltage.
It was also discovered at this time that

this circuit caused the generation of second
harmonics which affected antenna conducted

interference. While rearranging the circuits

for reducing voltage, the diode and resistors

were also rearranged to control the second

harmonic output. After this modification,

the second harmonic output of all transmit-

ters was down by 74 db or better.

A circuit change was incorporated during

the flight_o_de]-_ra_ tb'_faci|i_te produc-

tion. Some _units emitted spurious outputs

at frequencies relat!veiy close to the center
frequency while other units did not. These

outputs were traced to regeneration due to

feedback between the high'level stages (Q4

and QS) and the low-level stages. Additional
filt:ering in the f0rm of-a_reslstor _corrected

this condition_and d_cl_not affect other per-
formance Characteristics:

The summary of data, from tests of the

revised prototype model and dual flight mod-

els, indicates the capability of the circuit

(refer to Tables 6-3 and 6-4). Table 6-5

summarizes the antenna conducted RFI, and

indicates that the units met this requirement

with only a minor deviation. Table 6-6

shows power, output supply voltage, and

power input.

The specified stability for the telemetry

transmitter is ±.003 percent with tempera-

ture range of --I0 ° to -{-35°C. The design

goal was ___.01)15 percent over the tempera-

ture range of --10°C to %35°C, and with

supply_ voltage variations of 24 to 33 volts.

An additional design goal was to hold

stability to -----.0015 percent drift maximum

(in addition to drift caused by temperature

and voltage variation) for a period of 1 year.

Table 6-7 shows frequency variations meas-

ured in the prototype tests to _60°C. Table

6-8 lists frequency error measurements of
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(A) BEFORE MODIFICATION
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FIGURE 6-15.--Test point circuit.
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TABLE 6-5.--Spurious RF Outputs From Project Relag
Telemetry Transmitters

Assy.
No.

1

I

2

2

3

3

4

4

5

5

Wr_ns.
No,

1

2

3

4

5

6

?

8

9

10

82.5

87

93

91

89

88

93

83

108

93

87

89

83
82

89

75

84

96

78

86

3I 5f

4 4

91 87

8O 85

81 9O
72 83

77 86

74 8.3
78 89

74 74

88 8O
79 81

3f 7f 2f
2 4

........... 79

........... 70

.......... 67

........... 72
102 ..... 74

98 ..... 80

98 102 67

102 102 79

95 ..... 68

98 ..... 81

NOTE: All valuesshown arein d

output.

3f

79

8O

74

77

77

78
83

81

75

76

and relative to desired transmitter

10 transmitters before and after environ-

mental tests. This data indicates that the

requirement of .0015 percent drift stability

with supply voltage and temperature was
met.

A capacitor from the base of the power
output transistor (C52) to ground was found
to improve efficiency at Table 6-9 shows.
This chal_ge was made on all units.

A problem was noted in phase modulation
distortion and has since been observed on

other FM transmitters employing reactance
modulated crystal oscillators. This was the
effect of the oscillator tending to oscillate in
spurious modes near the desired crystal

mode. Since there is a reaction on the crystal
oscillator from the phase modulator, perhaps
the oscillator may be pulled in frequency
momentarily. If a suprious mode is present
and not attenuated from the main mode of

oscillation, the oscillator will tend to jump,
particularly when modulation is applied.
Two crystals were found to possess spuri-
ous modes of operation sufficiently close in
frequency to the desired mode to cause a
phase modulated output. The crystal manu-

facturer verified the existence of spurious
modes in the first crystal returned for analy-
sis. Additional crystal tests were specified

to eliminate such crystals.

System

Two systems integration problems occur-
red with the telemetry transmitters. The
first problem occurred when the charging
current of the tantalum filter capacitor
(C23) in the transmitter caused a trans-

mitter failure in the control box. The peak

charging current, at the instant the unit was
turned on, was too great. It was decided to
insert a limiting resistance in series with
the filter capacitor.

The second problem was discovered in fur-
ther integration tests. Occasionally the test
receiver could not lock onto the transmitter

output. It was found that the control circuit

gates were providing pulses exceeding five
volts in amplitude. This caused a phase de-
viation greater than 150 ° which caused the
receiver to fall out of lock. The sensitivity
of the transmitter was reduced to provide
a compatible system (refer to Table 6-10).



THE TELEMETRY SYSTEM

TABLE 6-6,--Power Output and Power Inpht as Functions of Supply Voltage and Tern _eralure in Aeceplance Tests
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Transmitter
assy. #

Transmitter
#

1 I

I 2

2 3
2 ,1

3 5

3 6
4 7

4 8
5 9

5 10

Po 22v
milli-
watts

223

200

207

205

2t5

205

230

225

228
210

Min power output

Po 24v
milh-
watts

250
252

290

270

252

260

278

270
29O
264

Po 28v
milli-
watts

300

310

370

320

320

360

350

320

350
320

Max P,_
24v watts

1.29

1.44
1.49
1.44

1.46

1.44

1.44

1.34
1.49

1.25

Max P_x
28v watts

1.58

1.81
1.88

1.91

1.96
1.8O

1.91

1.71

1.91

1,63

I line ma

56,5

64,6

67.2

68.2

70.0

64.3

68.2

61,0

68.2

58,2

%

TABLE 6-7.--Maximum Frequency Variations for Project Relay Prototype TeIemelr

From

nominal
f. at

28v+25°C

%Af
from

nominalSet #

1 -- 1113 .00081

.... 2 -550 .0004
=::: = =:

= : .... : - : -

Af at
- 10 ° C
altern.

+1 t29
+ 592

%Af
at

i0°C

.00082

.00043

_f at
+35 ° C
Mtern.

-- 138

-349

at
+35°C

.0o01

.00025

"7

7:

Transm ilters

Af
at

+60°C

- 379

+810

%×f
at

+60 °

.00028

.00059

TABLE 6-8.--Maximum Frequency Variations for Project Relay Telen_etry Transmitters

Telemetry
set No.

I

I

2

2

3

3

4

5

5

Xmtr
No.

l

2

3

4

5

6

7

8

9

l0

Af from
nomin'fl

cps

+ 184

+353
-- 39

--lo0

-- 23

+ 69

+2(')0
+152
+ 10

- 5

% _/
from

nominal

Maximum eps
frequency

drift during
acceptance

test

Maximum %
frequency

drift during
acceptance

test,

Frequency
from nominal
after environ.

acceptance
test (cps)

%dFrequency
ifferenee

between ace.
and

environmt,

Time period
between

accept, test
and final

after
environmt.

.00013

.0_26

.00003

.00007

._002

.00005

.00019

.00011

+1254
+ 1116
- 165

+ 631
-- 327

+ 1327
+ 1380

+ 1072

+1226
+ 531

.00092

.00085

.00012

.00046

.00024

.00096

.00110

.0O078

.00O40

.00039

-236

- 75

- 98

- 484

-433

- 30

- 20

.O0010 9 days

.00004 9 days

.00012 9 days

.O0054 32days

.00043 32 days

.00003 38 days

.00002 38 days
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TABLE 6-9.--Power Amplifier E_ciency Improvement Data

No capacitor base
to ground 20uu base cap. added

['tans, V d_ I C Po Cnl.
# Eft.(%)

(ma) (row)

IC Po Col. Change
Eft.(%) in ain

(ma) (mw) (_)

119 22 33 325 44.8 19 264 63 -- .90

28 50 505 36,0 27 426 56.4 -- .75

113 22 34 325 43,5 16 246 70.0 --1.20

28 52 525 36.0 24 448 65.2 -- .70

116 22 28 314 51.0 17 246 66 -- 1.00

28 40 494 44.0 26 460 63.2 -- .32

128 22 28 302 49,0 18 235 59.3 -- 1.10

28 51 570 40.0 28 404 51.4 -- 1.50

118 22 27 280 47.1 19 246 58.9 -- .56

28 52 515 35.3 26 393 54.0 --1.10

102 22 33 325 44.7 15 224 67.8 -- 1.50

28 49 515 373 24 436 65.0 -- .70

107 22 33 246 34.0 18 224 56.6 -- .40

28 49 570 41.5 26 370 50.9 --1.90

No # 22 33 280 .55.4 15 224 68.0 -- 1.00

No # 28 35 481 49.0 22 415 67.3 -- .65

115 22 28 281 45.7 18 247 62.5 -- 1.30

28 50 571 40.8 25 381 54.5 --1.70

I01 22 34 291 38.9 20 246 56.0 -- .70

28 54 505 33.5 27 380 50.3 -- 1.20

123 22 33 325 44.7 17 235 63.0 --1.40
28 51 550 38.5 27 470 62.4 -- .76

TABLE 6-10.--Transmitter Deviation Data

Variation

Transmitter # Low High maximum

I RECEIVERR-I

[

148.260 Mc J RECEIVER

= I R-2

l

BALUN BALUN

136.620 _

1
136.140 Me

FIGURE 6-16.--TT&C antenna system, block diagram.

1

2

3

4

5

6
7

8

9

I0

122 °

120 °

120 °

120 °

122 °

120 °

126 °

120 °

125 °

126 °

150 °

146 °

142 °

148 °

140 °

144 °

148 °

140 °

144 °

150 °

28 °

26 o

22 Q

28 °

18 °

24 °

22"

20 °

19 a
:24°

Limits set at 120" to 150 °.

THE TT&C ANTENNA SYSTEM

Description of Unit

A block diagram of the antenna system
for the telemetry and command is shown in

Figure 6-16. The radiators consisted of four
whips equally spaced in a truncated cone ar-
rangement of 60-degrees apex angle, mounted
at the base of the spacecraft. For the 148-
Mc command-receive function, the four whips

were fed in-phase to create a linearly-polar-
ized pattern. For the 136-Mc telemetry

function, the whips were fed as a modified
turnstile, with counter-clockwise phase pro-
gression for one tranmitter and clockwise
for the other. Radiation patterns were pre-

dominantly circularly polarized, and the two
transmitters were isolated. Simultaneous

match for the two frequency regions was ob-
tained by a proper configuration of whip

length, selected cable lengths, and adjusted
open-circuit stubs.

The TT&C antenna system consisted of:

1. Four whip elements
2. One 3-db directional coupler
3. Two baluns

4. A cable-harness assembly consisting of
ten coaxial tees and twenty-five cables.

A photograph of this network feeding sys-
tem is shown in Figure 6-17. Figure 6-18
is a schematic wiring diagram.

The radiators were four monopole whips

(N, S, E, W). Each consisted of an alumi-
num TM panel receptacle with the center
conductor extended by the attachment of a
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W12

3 db
COL

W20

FIGURE 6-17.--Network feeding system.

length of beryllium wire (see Figure 6-19).
The weight of each radiator was 0.05 lb.

The 3-db printed-circuit coupler consisted

of two 1/16-inch-thick, diclad teflon fiber-
glass printed boards, separated by a 1/64-
inch sheet of teflon fiberglass material to
form a four-port coupler. The four ports
were Conhex printed-board receptacles. The

assembly was protected by a moisture and
fungus-resistance coating. The weight of

each 3-db coupler was 0.156 lb. (See Figure
6-'20.)

The balun consisted of a quarter-wave-
length coil of RG-188/U 50-ohm cable in-
serted into a coaxial phenolic and aluminum
tube assembly as shown in Figure 6-21.

After the electrical checkout, the tube assem-
bly was filled with polyurethane foam to in-
sure mechanical stability during shock and
vibration. The weight of each balun was

0.009 lb. The cabling consisted of RG 188/U
cable with Conhex-type connectors.

History of Unit

The TT&C antenna system was originally
conceived to be similar to that developed
and successfully used on the Tiros series of

spacecraft. However, as finally developed, it
differs in a number of respects because of
the differing spacecraft configuration, fre-

quency separations, and improved compo-
nents.
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FIGURE 6-18.--Narrowband antenna, schematic wiring diagram.

Design Requirements, Problems, Changes

The requirements of the TT&C antenna
system were :

1. Frequency:
Transmit 136-137 Mc
Receive 148 Mc

2. Polarization: elliptical with axial ratio
not greater than one db on spin axis

3. Pattern: as nearly isotropic as possible
4. Isolation :

(a) transmitter-transmitter, 25 db (re-
duced to 20 db later)

(b) receiver-to-transmitter, 30 db
(c) receiver-to-transmitter, 20 db

5. Insertion loss 1.5 db or less
6. VSWR :

(a) not more than 1.5 at 136 Mc
(b) not more than 2.5 at 150 Mc.

The first concept of the TT&C antenna
system visualized the 136-Mc and 148-Mc

regions by filters.
These filters were to be constructed using

printed-circuit techniques to reduce size and

weight. However, an inherent problem of
losses arose in the experimental development
of these filters. Because of the relatively
close spacing of the command and telemeter-
ing frequencies, it was not possible to design
such a filter using printed-circuit techniques
without prohibitive insertion loss and ac-

companying crosscoupling. Any improve-
ment in the design Would have had to be

made with air dielectric, which would in-
crease the weight and mechanical complexity
of the filter.

It was decided to employ the modified feed

circuitry already described (Figure 6-16).
Different antenna excitation and radiation

modes were used for the two frequencies.
Thus, inherent decoupling was gained be-
tween the two functions. The advantage ob-
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FIGURE 6-19.--Narrowband antenna element (two views)-
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FIGURE 6-20. Coupler assembly (three vlews).- ....
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FIGURE6-21.--Balun Assembly (three views).

tained were the elimination of the filters and

a considerable reduction in the weight and
complexity of the spacecraft equipment.

During the course of the project, three
materials were used for the whips. The
original material was C-1085 steel. This was
changed to non-magnetic beryllium copper to
minimize residual magnetism. The change
in material of the whips increased their de-
flection under spacecraft spin. The earlier

steel whips deflected about four inches, while
the non-magnetic beryllium-copper whips
deflected about eight inches. A rough ap-
proximation of this type of deflection at the
whip tip showed no severe change in imped-
ance or isolation. However, for reliability
reasons this amount of deflection could not
be tolerated. A solution was found in the

use of pure beryllium.
The feeding and matching network was

developed on a mock-up of the spacecraft
made of screen-covered wood. This metallic

covering was a good conductor. Later, a rep-
resentative model of the final spacecraft con-
figuration was used to assess its effect on
patterns and antenna performance. This
model was different from the mockup built

at the beginning of the program. The solar
panels were electrically insulated from each
other and from the structural assembly. The
aluminized-mylar sheets at both ends of the
spacecraft were insulated from the antennas
and from the solar panels. The surface of
the aluminized-mylar at the wideband end
was not regular ar fiat, having an accordion

pleat which, under acceleration or pressure

variation, could move relative to the antenna.
First tests with the TT&C antennas showed

that the impedance was changed markedly
and in an erratic manner, indicating circu-
lating currents within the spacecraft. A
bonding arrangement was worked out in
which sixteen thin aluminum straps joined
the eight solar panels to the whip mounting
collar. This made an effective ground for

currents induced by the radiating whips and
established a stable condition. The matching

arrangement for the quadrature-fed whips at
the telemetry frequency had to be modified,
however, to achieve the desired isolation be-
tween the two transmitter ports. Patterns
were essentially unchanged at the telemetry

(136-Mc) frequency. At the command-re-
ceive frequency of 148, there was a differ-
ence, however. A new set of patterns was
taken at this frequency.

Performance Evaluation

After a matching harness design had been
achieved, the complete assembly was con-
structed without further cable changes other
than trim adjustments to the two open-circuit

stubs, W24 and W25 in Figure 6-18. It was
necessary to adjust this length to achieve
transmitter isolation. A further adjustment

in the location and length of these stubs was
necessary on the spacecraft.

The measured values of the antenna char-

acteristics are shown in Table 6-11. Repre-
sentative patterns are shown in Figures 6-22

through 6-25.



E

m
B

i

-5-:_._'_-

THE TELEMETRY SYSTEM 151

TABLE 6-11.--Measured Values of TT&C Antenna
Characteristics

Function Measured value

Cables to command receiver

B_I and W2

VSVJR

at 135.88 Mc_.

at 136.88 Mc_ _

at 148.26 Mc._

Insertion loss

at 138.38 Mc_.

at 148.26 Me_ f

Port on 3-db

coupler

J_A_tI_J_

Jl Jl

and and

J2 W2

3,16

0.97 db

1,38 db

Between points

J2 Jl J2
and and and

W2 W3 W3

Isolation

at 135.88 Mc_. 22 52 36 ...............

at 163.88 Mc.. 26 51 37 ...............

at 148.26 Mc ......................... 40,5 41

L-: 1o.
Axial ratio I I I I I I

•t e = 15°_._t....... 16.0dbt 5.3db1....... I....... I.......
,_te = t_°___I....... I....... t....... 15.9dbt 7.3dbI 5.5db
_t_ - 1___Io.__ t.......]....... I....... I.......I.......

F_EQ. 136 M¢
@VARIABLE

F_COMPONENT
_=0o------

(I db 4' = 45°_ ---

270 90

Ig0

FIGURE 6-23.--& plane telemetry patterns F< b

component.
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FREQ. 136 Mc

8 VARIABLE

F_ C OMPCNENT
=@-----

0 db _, =450

330 30

3(X) 60

27_ 9O

240 120

AUTHORS. This chapter was written by E.

MozzI and S. ROTtt of the Radio Corporation
of America, Princeton, New Jersey, U.S.A.
under contract NAS 5-1272 with NASA/
Goddard Space Flight Center.

FIGURE 6-25.--_b plane telemetry patterns,

FO component.
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The Command System

Chapter 7

GENERAL

The command SYstem Provided-support
for the radiation experiments, and the com-
munications and atti-[u-de control subsystems.
This chapter- descrfl)es-t_he functions per:

formed by the spacecraft command subsys-
tem, both for ground transmitted commands

and internal logic. The block diagram of

Figure 7-1 illustrates the m_t[j_r e l_ements or
functions of the spacecraft command sub-

system. For reference, ground elements are
also shown.

A VHF signal, conta]ning"a coded eight-

bit command word, was directed at the space-
craft by the ground antenna. The first two

bits were used for word sync and the re-
maining six bits, constrained to combinations
of 3 ONES an_ 3 ZEROS, contained the

command information. The code was applied
as a quantized PDM signal in which discrete
pulse widths were used to represent SYNC,
ONE, and ZEI{O sigTials. The PDM signal
amplitude modulated a subcarrier which in

turn amplitude modulated the VHF carrier.

The VHF signal was received by the space-
craft TT&C (Telemetry, Tracking & Com-

- - " :- t

w_I u m

J I m m _ - " m

ANTENNA

I "_',E£_U
I _1 __lD  O0  L

I. ' ll"rt " I
: I DIPLEXER _ I COUPLINGII I .ETWOR___ I I I_E E J l SUBCARRIERI I! [KI I DERI

II _ I'i'-1C#I_VI'R t] DEMO tU2LATOR t-tb-J Ld DESO

__.._ SPACECRAFTI .
\

=_ :__NNA I

TRANSMITTER H ENCODER

ii7: _:- i i _ / _ o_oo.0Eou,_.E._

I
_,.I

COMMANO_I
CONTROL-_1

UNIT _1
-"1

I
_._J

FI_3URE 7-1.--Relay I command link, functional block diagram.
::: ; : ......... --7-- -:- : : ::; _ : :- :
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mand) antenna (refer to Chapter 6). This

antenna consisted of an array of four mono-
poles projecting from the underside of the
spacecraft (separation plane). Command

and telemetry signals shared the antenna.
For the command function the antenna pat-
tern was essentially that of a linearly polar-
ized dipole.

A diplexer performed the function of com-
bining the telemetry and command signals
at the antenna. It also provided isolation
between telemetry transmitter and command
receiver.

The signal was routed to the redundant
receivers, which operated independently and
in parallel. The receiver detected the VHF
carrier and fed the demodulated, PDM mod-
ulated subcarrier to the next stage.

The subcarrier demodulator filtered the

incoming signal, then demodulated and, final-
ly, reconstructed the original PDM wave-
form. The cross-coupling network routed
the output of each subcarrier demodulator
to both decoders. This provided additional
reliability, since either receiver and either
decoder could simultaneously fail without
degradation of the command system.

The decoder accepted the PDM coded sig-
nal, verified that the format was correct, and
then provided an output pulse corresponding
to the desired command. The corresponding

pulses from the two decoders were gated at
the input to the command control unit. The
pulse was then routed to one or more bistable
memory elements, setting this memory to the
desired state. The outputs of the control unit
were either switch closures or dc bias sig-

nals controlled by the associated memory
elements.

Table 7-1 lists all the direct commands

with their respective control circuit outputs.
In three cases more than one function is

accomplished by a single command, i.e., :
Command No. 5--Turn off both transpon-

der systems
Command No. 8--Turn on both telemetry

transmitters
Command No. 18--Turn off attitude con-

trol and horizon scanner

System design also required that repeaters

would be turned off automatically after a
two-minute delay following removal of the
microwave carrier from the repeater. This

provided an automatic over-the-horizon turn-
off capability which served as backup in the
event of direct-command failure.

THE RELAY I COMMAND RECEIVER

Introduction

The function of the RELAY I command

receiver was to receive, amplify, and demod-
ulate coded command information received

from the control ground station. The PDM

commands amplitude modulated the 5.4 kc
subcarrier which, in turn, amplitude modu-
lated the 148.26 Mc radio-frequency carrier.
The spacecraft employed two command re-
ceivers connected in parallel to the command
antenna. Each receiver was connected to a
command decoder which demodulated the
subcarrier command information. The use

of reundant command systems increased re-

liability.
The command receiver was an all-transis-

torized AM unit employing single conversion
and a 20 Mc IF frequency. The receiver

occupied two printed circuit boards. One
board contained the RF amplifier, crystal

oscillator, and mixer; while the other con-
tained the IF amplifier, AGC detector and
amplifier, AM demodulator, and power sup-

ply regulator (see Figure 7-2). To minimize
weight and volume the two receivers were
housed in one case.

Design Approach

Some of the major factors considered in

the design of the command receivers were:
1. Maximum reliability
2. Minimum power consumption

3. High rejection of suprious signals
4. Minimum weight

5. High sensitivity

Since the receiver was designed to be used

in a spacecraft which had to operate success-
fully for one year or longer, a philosophy of
design was adopted which tended to maxi-
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i

No.

8

9

lO

11

12

13

14

15

i6

17

18

19

20

Command

Designation

Load cutoff normal

Load cut-off override

Transponder #1 ON

Transponder #2 ON

Transponder OFF

TV ON

Phone ON

Telemetry transmitters

l&2ON

Telemetry transmitter

#1 OFF

Telemetry transmitter

1/2 OFF

Radiation experiment

ON

Radiation experiment

OFF

Telemetry eneoder ON

Telemetry encoder OFF

Horizon scanner ON

Attitude control current

positive

Attitude control current

negative

Attitude control off and

horizon scanner off

Modulate tel. Xmtr 1/1

Modulate tel. Xmtr. 1/2

Control circuit output

Open circuit to battery low-voltage

cutout sensor

Short circuit to battery low-voltage

cutout sensor

Provides turn-on bias signal to

transponder 1/1 voltage regulator

Provides turn-on bias signal to

transponder #2 voltage regulator

Provides turn-off bias signal to both

transponder 1/1 and #2 voltage regulators

Provides switch closure to transponders

#1 and #2, routing regulated voltage

to TV gate

Provides switch closure to transponders

1/1 and #2, routing regulated voltage

to phone gate

Provides switch closures which route

primary power to both telemetry

_ransmitters

Opens switch controlling primary power

to Tel Xmtr. #1

Opens switch controlling primary power

to Tel. Xmtr. 1/2

Provides turn-on bias level to rad. exp.

voltage regulator

Provides turn-off bias level to rad. exp.

voltage regulator

Provides turn-on bias to telemetry

encoder

Provides turn-aft bias to telemet_ry

encoder

Provides switch enclosure which applies

primary power to horizon scanner

Provides current source to attitude

control coil in POS direction

Provides current source to attitude

control coil in NEG direction

Removes current source from attitude

control coil. Remove primary power

from horizon scanner.

Gates the outputs from the tel. encoder

and horizon scanner to tel. Xmtr. #l

Gates the outputs from the tel. encoder

and horizon scanner to tel. Xmtr. 1/2

aema_s

Allows low-voltage cut, out circuit to

operate normally

Disables low-voltage cutout circuit

In the event transponder #2 was on

when this command was executed

transponder 1/2 will be turned off after

the completion of transponder #l

TWT power supply warm-up cycle.

In the event transponder #1 was on

when this command was executed

transponder 1/1 would be turned off

after the completion of transponder

1/2 TWT power supply warm-up cycle.

Sets both transponders into the wideband

or television mode of operation.

Sets both transponders into the narrow

band or duplex mode of operation.

Automatically opens power switch t_

Horizon scanner

Automatically applies turn off bias to

telemetry encoder

Automatically locks out 17

Automatically locks out 16
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IF AMP. CRYSTAL IF

t128 Mc

OSCILLATOR J

k._..J IFAMP. J._.4_J AUDIO k._J EMITTER 5.4kc

,, llj-IDETECTORI -JFOLLOWER SUBCARRI'-_RouTPUT

AGC DET. 12 VDC

AND AMP. I - J REGULATOR

FIGURE 7-2.--Relay I command receiver, block diagram.

mize the reliability of the unit. Only proven
reliable parts, thermally aged before assem-
bly, were used. For improved life, compo-
nents were operated at 10 percent of rated
dissipation, while circuit designs were chosen

to produce the desired electrical operation
with a minimum of parts. Printed circuits
were employed to ensure the receiver's uni-

formity in manufacture and electrical per-
formance.

To minimize the dc power consumption of
the command receiver, IF amplifier stages
were designed to operate in a starved condi-
tion with an emitter current of 0.5 ma. The
2N384 drift transistors were used in the IF

amplifier because they exhibited desirable
reverse AGC properties. Reverse AGC was
chosen over forward AGC because the tran-
sistors could be operated with about one

quarter the quiescent current required for
forward AGC. The only disadvantage of re-
verse AGC is a tendency to overload due to
strong input signals; however, the strongest
received RF signal was expected to be in the
order of 100 microvolts. AGC was also ap-
plied to the RF amplifier to increase the
strong signal capability of the receiver re-
sulting in an overload level of 50,000 micro-
volts.

Extremely sharp selectivity of the receiver

was obtained by using a crystal filter in the
IF amplifier. The 6 db bandwidth of the
filter was 40 kc, and the 60 db bandwidth
was less than 100 kc. Each IF amplifier was
designed with a bandwidth of about 700 kc;

thus the overall bandpass characteristic of
the IF amplifier was determined only by the
crystal filter. This design eliminated shift in

bandwidth and IF center frequency due to
AGC action, temperature, and transistor
variations.

The receiver included an RF amplifier pre-
ceding the mixer to obtain a low noise

figure, (7 db) and high input-frequency
selectivity. To obtain selectivity, some sen-
sitivity was sacrificed in the input RF filter.
A loss of 1.5 db in the input network was
tolerated to obtain image and spurious re-
pection of 50 db minimum.

To minimize weight, two receivers are en-

closed in one case. The weight of the receiver
package was 2 pounds.

Receiver Description

A block diagram of the Relay I command
receiver is shown in Figure 7-2. The 148.26-
Mc signal from the antenna (divided be-
tween the two receivers) was first amplified

by the RF amplifier which consisted of a
2N1405 transistor in a grounded emitter
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circuit. This amplifierprovided15db gain '_
with an averagenoisefigure of 7 db. RF
selectivity was provided by three single
tunedcircuitswhichresultedin a 3-dbband-
width of 4 Mc at the input frequency.All 6%

spurious responses were down 50 db or more. _-
O

The amplified RF signal was fed into the _
transistor mixer where it was heterodyned ,_

with the 128.26-Mc, 5th overtone, crystal
oscillator to produce the 20-Mc IF. The
mixer included a 2N1405 transistor biased

near cutoff to produce mixing action along '_
with a 15-db gain at 20 Mc. The collector
contained a 20-Mc tuned transformer to sep-
arate the IF and feed this signal into the IF
amplifier.

! f
IF amplifier consisted of four stages iThe

utilizing 2N384 transistors as common emit- _ ....
ter amplifiers. Interstage coupling was ac- -_0

complished by single tuned transformers, %_
and a crystal filter was inserted between the
first and second IF amplifier. The bandwidth
of each IF amplifier stage was 70_ kc and
all were synchronously tuned to 20 Mc. The
crystal filter, having a 6-db bandwidth of
40 kc and a 60-db bandwith of 100 kc maxi-

mum, determined the over-all frequency re-
sponse of the IF amplifier. Reverse AGC was
applied to the first three stages of the ampli-
tier, which were biased to draw 0.5 ma of
current each. The fourth IF amplifier was
a driver for the AGC detector and audio
detector, and was not connected to the AGC
control.

Separate detectors were used for AGC
and for demodulation of the carrier infor-

marion to optimize each for its particular
function. Carrier demodulation was accom-
plished by the base-to--emitter d]0de of a

transistor. The transistor, biased close to

cut0ff, flemodu!ated the signal and amplified
the_dem odulated _nformat__!on_ Low:frequency

fee_dback from the tra_s_torcoliector ......... re:
duced demodulator distortions. A graph of
total receiver harmonic distortion for inputs
modulated 50 percent and 90 percent is

shown- in Figure 7-3. Frequency response
of the demodulator and audio amplifier, as
shown in Figure 7-4, extended out to 20 kc.
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AUDIO DISTORTION

RELAY COMMAND RECEIVER

iNPUT SET AT 20#u

AUDIO OUTPUT TER._INATED

IN 56Cg g'

90% MOD

10gg 1OK

FI_[QUENCY (cp_)

FIGURE 7-3.--Audio distortion, Relay I command
receiver.

AUDIO FREQUE]'4C y R_SPONSE
RELAy COMMAND R'EC E_',,_

_N_UT SET AT 2DIJV

J 90%AUDIOMot3uI__OUTPUT"ffRMtNA'_ IN _

IOO0 10 K

Fr_e.cy In cp_

FIGURE7-4.--Audio frequency response Relay com-
mand receiver.

The audio output from the demodulator was
fed to an emitter follower amplifier and then
to an isolation transformer.

AGC voltage was developed by a tran-
sistor using the base-to-emitter diode as a

peak detector. No bias was applied to the
transistor so that conduction occurred only

when the peak IF signal rose above 0.7 volts.
This detected voltage was filtered, amplified
and applied to the RF and IF amplifiers to
control the receiver gain. The AGC was de-
signed to reduce amplifier gain by decreasing

transistor emitter current. Figure 7-5 shows
the receiver AGC operation at temperatures
of --15 °, +25 ° and 35°C. AGC action started
for input signals between 1 and 2 microvolts

and held the receiver output constant --+1.5
db for input signals between 2 and 10,000
microvolts.

A voltage regulator was incorporated
which supplied --12 volts dc to all stages
of the receiver. This regulator permitted
operation of the command receiver from an
unregulated voltage of 20 to 35 volts. A
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1.3

1.2

1.1

1.0

0.9

O_ 0.8

Z

B o.7

_ 0.6

_ 0.5

0.4

0.3

_/ x_i +25 ° C

-15"C __ *::I¢

/

0.2 m

0.1--

0.1

I I I I
1 10 100 1000

INPUT SIGNAL IN MICROVOLTS

FIGURE 7-5.--Audio output vs. input signal.

10,00_

T ASLE 7-2.--Parameters for the Relay Command Receiver

Input frequency band ........

Modulation .................

Noise figure .................

IF frequency ................

IF selectivity ................

Spurious rejection ............

Input impedance .............

Audio output impedance ......

Voltage gain .................

Audio output voltage for 90%

modulation at 1 ke .........

Oscillator stability (-10°C to

+60C) ....................

AGC dynamic range .........

Overload level ...............

Power supply ................

Power-supply regulation ......

Operating temperature range_ _

Weight .....................

148 megacycles

AM

Typical, 7 db; maximum I0 db

20 megacycles

40 kc bandwidth, 6 db down; I00 kc

bandwidth, 60 db down

Down 50 db or more

50 ohms

2000 ohms

120 db :l: 3 db over temperature
range from - 10°C to -b60°C

1 volt, RMS

± O.OO5%

Audio output constant to ±1.5 db

for input signal between 2.0 and

10,000 mi_rovolts

50,000 microvolts

15 milliamperes at 24 volts, de

Receiver has internal regulator to per-

mit operation from 20 to 35 volts

--15° C to +60°C

2 pounds {two receivers)

Command Receiver Packaging

The command receiver was divided into

two sections, each employing printed circuit
boards. The RF amplifier, mixer, and crys-
tal oscillator were assembled on one (see
Figure 7-6); while the IF amplifier, AGC
and audio detectors, audio amplifier, and
voltage regulator were assembled on the

other (see Figure 7-7); and both were as-
sembled into one case (see Figure 7-8). A

summary of command receiver specifications
in presented in Table 7-2.

FIGURE 7-6.--RF amplifier, mixer and crystal oscil-

lator board.
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FIGURE7-7.--IF amplifier, AGC :and audio detectors, audio amplifier and voltage °regulator board.

center partition, serving as a ground plane

_ :: for each receiver, was bypassed to the metal

case through capacitors, thus providing iso-
--'__ lation between the receiver power supply

and the case. Positive or negative power

supply could be used with the command re-
_ ceiver.

: Environment Testfng .....

Prior to environmental testing all compo-

nents on the printed circuit boards were

" secured-_th Thiokol Solithane 113. A de-

scription of the protoype and acceptance

,:::: {:: [:

environmental tests for the RELAY I corn-
=

mand receiver are described in Chapter 9.

THE COMMAND DEMODULATOR

AND DECODER

To command satellites, the National Aero-

nautics andSpace Administration (NASA)
developed a coded message sequence consist-

ing of discrete, pulse-duration-modulated
(PDM) tone bursts. -2_he message consisted

of a sync pulse, followed by some combina-

tion of six pulses, containing three each of
ZERO'S and ONE'SI This code permitted
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FIGURE 7-8.--Command receiverassembly.

twenty commands.

Equipment developed for the Relay sat-

ellite program demodulated the tone bursts,

converted the pulse-duration modulation into

a binary code, and then decoded the message

into twenty discrete commands. The demod-

ulation and PDM-to-binary code conversion

functions were accomplished by conventional

transistorized circuitry. The circuitry for

converting the code into command pulses

was a novel utilization of magnetic circuitry.

Magnetic cores, used to provide a shift reg-

ister function, also performed the decoding;
and thus eliminated the conventional diode

matrix usually employed.

Introduction

The function of the Relay space vehicle

command decoder wasto accept the command
code from the command receiver, demodu-

late, decode, and provide signals to the" con-
trol circuit in a form to actuate bistable

memory elements. The Code was specified by

NASA; and was designed to provide a maxi-

mum of protection against spurious trigger-

ing of command circuits while employing a

relatively narrow bandwidth. The basic

code consisted of a sync signal, followed by
a combination of three one's and three

zero's, which permitted twenty commands.
The basic code was then transformed into a

sequence of pulse - duration - modulated

(PDM) bursts of 5451-cps subcarrier tone.

A representative (PDM) code sequence is

shown in Figure 7-9.

FIGURE 7-9.--PDM subcarrierCPS.

The sequence consisted of eight equal time

slots (T) ; the first containing no modulation.

The second time slot contained the sync sig-

nal, a tone burst three quarters of the time

T in duration. This was followed by the

three ONE'S and three ZERO'S (ZERO

being one quarter of T and a ONE, one-half
T in duration). The basic time T was 72

cycles of the subcarrier, 0r23.2 msec. This

code sequence was then repeated five times

to a complete command signal.

The subcarrier tone ampliture-modulated
a VHF carrier for transmission to the vehi-

cle. The command receiver demodulated the

VHF carrier, and provided the PDM sub-
carrier tone to the decoder.

Design Objectives

The objective was to design a circuit pro-

viding maximum utilization of the noise-

immunity properties of the code within the

familiar constraints of space vehicle equip-
ment :

1. Maximum reliability

2. Minimum weight
3. Minimum power consumption

4. Minimum volume

These constraints obviously dictated the

use of solid-state circuitry. Silicon transis-

tors and diodes were used throughout to

minimize the effects of temperature varia-

tions. Printed circuits were employed to

minimize weight and volume. Conformal
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coating was applied to all components to

provide protection from vibration during the
launch phase. The most reliable components

known were used, and inprocess inspections
were employed at many steps in fabrication.

Design Approach

In the initial phase, the unit was broken
down into three major functions: (1) the

subcarrier demodulator, which stripped
the PDM from the subcarrier tone; (2) the
PDM-to-PCM converter, which transformed

the PDM pulses into sync, ONE and ZERO
pulses; and (3) the decoder, which trans-
formed the pulse combinations into unique
command pulses to drive the memory ele-
ments in the control circuit.

In the demodulator, the signal was filtered,
amplified, demodulated, and regenerated by
means of a Schmitt trigger circuit. The

Schmitt circuit output was cross-coupled to
a redundant decoder. The Relay vehicle con-
rained redundant command receivers and

decoders; and the cross-coupling allowed the
command system to function with any re-

ceiver and decoder combinati0n. _ A_qUelCh
circuit was incorporated into the demodu-

lator, operating on the average power level
in the subcarrier ton 9. Th!s squelch circuit

operated a switch supplying power= to the
succeeding stages in its own unit and to the
corresponding stages in the redundant unit.

The squelch had two purposes: (1) to in-
crease the life of the affected stages by re-
moving electrical stress from the components,
and (2) to remove the possibility of a spuri-
ous command due to noise when a subcarrier

tone is not present. The squelch circuit held
a time constant of about 10 percent of a
message sequence; therefore, the first of the
five identical sequences would not get

through. However, there was a high prob-
ability that one of the succeeding four se-
quences would activate the command.

In the PDM-to-PCM converter, the pulse
from the Schmitt trigger gated-on a free-
running multivibrator. The output of the
multivibrator was fed to a binary counter,

determining whether the PDM pulse was a

ZERO, ONE, or a SYNC signal.
In the decoder stages, the ZERO'S and

ONE'S were fed into a magnetic shift regis-
ter. Simultaneously, the ZERO'S and ONE'S
were counted in separate counters to insure
that the message contains three ONE'S and

three ZERO'S. The sync pulse reset these
counters and activated a delay circuit. The
outputs of tIie counters and gate circuit asso-
ciated with the delay circuit were anded to-
gether to activate the read switch for the
shift register. This insured that a message
seauence contain three ZERO'S and three

ONE'S within a specified length of time--
otherwise the message was rejected. (The
only way for a false command to be effected
on a proper command's transmittal, is the
unlikely probability that a ONE be trans-
formed into a ZERO, and a ZERO into a
ONE) . . . The conventional means of de-
coding the message would employ a transis-

tor shift register operating into a diode
matrix. Using the magnetic shift register in
a novel configuration eliminated the need
for the decode matrix, thus considerably re-
ducing the number of semi-conductors re-
quired in the unit.

Operational Description

A functional block diagram of the decoder
is shown in Figure 7-10. The PDM'modu-
lated subcarrier tone from the receiver was

fed to a 5451-cps band-pass filter with a 15

percent bandwith. Then the signal was am-
plified and applied to a slicer amplifier stage,

wherein the power level of the subcarrler
tone was detected for application to the
squelch circuit. Sliced at approximately the
50 percent level, the signal was then demodu-
lated in a transistor collector detector, and
fed to the Schmitt trigger for PDM signal

regeneration. At that point, the signal was
cross-coupled to the redundant decoder.

The PDM pulse was then amplified and
used to activate a free running multivibra-
tor. The PDM pulse was and gated with the
output of the multivibrator to produce one,

two, or three pulses according to the ZERO,
ONE or SYNC signal of the PDM pulse.
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FICORE '/-10. Decoder block diagram.

The pulses from the multivibrator were fed
to a counter having three outputs correspond-

ing to ZERO, ONE, or SYNC. The counter
was reset by the leading edge of the orig-

inal PDM pulse.
Each of the ZEROS and ONES were fed

to 3 counters. The 3 counter emitted the

proper signal level only when three pulses
had been counted. The SYNC signal reset
the 3 counters at the beginning of each
message sequence. Also the sync signal actu-

ated a delay circuit whose output was anded
together with the outputs of the 3 counters,
to trigger the read switch.

Then ZERO'S and ONE'S are fed to a

2-cores-per-bit magnetic shift register. A

circuit diagram illustrating 2 of the 6 bits
of the shift register is shown in Figure 7-11.

The timing diagram (see Figure 7-12)
shows the order in which each pulse was re-

ceived. Receipt of a ONE triggered CR2 (see

Figure 7-11). This discharged C2 through
the 10-turn winding on Core 1, setting that
core to state one. When C2 was fully dis-

charged, CR2 opened up, allowing C2 to
charge through R2; and the circuit was

readied for the next reset pulse. The nega-
tive pulse from C2 was delayed and inverted,
then used to trigger CR3. When C3 dis-
charged through the 2-turn shift windings,
all transistors on the low line whose cores

were in state ONE, conducted, setting the
core immediately above and to the right of
state ONE. When the high-line trigger

pulse activated CR1, this process repeated,
moving the ONE'S down to the low line.
When a transistor conducted, its own core
was set to state ZERO. Through this proce-

dure, all information (ZERO'S and ONE'S)
advanced one position whenever a low- and
high-line trigger pulse was received. (In
the timing diagram, the high-line trigger is
shown to occur at the leading edge of the

PDM code pulses. This pulse is obtained by
differentiating the leading edge of this PDM
pulse, and is equivalent to another delay
circuit after the low-line trigger pulse.)

The decoding function was accomplished

in the magnetic shift register by the use of
readout windings on low-line cores. Each
core had ten readout windings. These wind-

ings were connected as shown in Figure
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7-13. (For simplicity, only three of the ten

lines are shown.) Only ten lines and not

twenty were required, since a particular

code and its complementary code used the

FIGURE 7-ll.--Two stages of shift register.

same set of windings. The complementary__ _ code produced a pulse of opposite polarity.

I Thus, ten output lines, each capable of pro-ducing a positive or negative pulse, yielded

p twenty command pulses.J* [- ....... In each line of windings, three of the
windings were wound in one direction on

the cores, and three m the oppomte. _en a

shift puls e occurred, those cores storing a
ONE changed state and induced a voltage

in all of the output windings on that core,

the polarity determined by the direction of
winding. To explain the operation of the

decoding process, assume that in Figure

7-13, the first three cores store ONE'S, and

the last three, ZERO'S. When the cores

shifted, one unit of voltage was induced in

each core winding with a ONE. Therefore,

-}-3 units of voltage were induced on line 1.

A -{-1 unit of voltage was induced on line 2.

Core 3 is wound opposite to cores 1 and 2.

On line 3, the voltage was a --1 unit. In

every core, where there were three ONES
and three ZEROS stored in the register,

only one line held a three-unit voltage and
all other lines had induced either a plus or

minus-one unit voltage. Zener diodes at the
end of each line blocked the one-unit volt-
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ages,allowing only voltagesof the three-
levelto pass. A codeof 000111meantthat
ONE'S storedin the last threecoreswould
producea negativepulseon line 1,of 3 units
in amplitude. Codes110100and 001011
wouldproducepositiveand negativepulses,
respectively,on line 2. The codesfor line
3 would be 100101and 011010.The read
windingswere normallyopen,that is, tran-
sistorsTX1 andTX2 werecut off, inhibiting
pulsesonthe outputlinesduringthe shifting
of a codeinto the register. (To illustrate,
whenthe two "3" counterson Figure 7-10
haveeachbeenset,andthesync-delay-circuit
gatehasbeenset, the transistorsTX1 and
TX2 will beconductingandthe output com-
mandcanbe readout.)

Equipment Performance

The performance of the equipment in the

presence of noise is indicated by the oscillo-

FIGURE 7-14.--Waveforms in the presence of noise.

grams of Figure 7-14. The upper trace shows
the PDM-modulated subcarrier after the

band-pass filter. The lower trace shows the

regenerated PDM pulse out of the Schmitt

trigger. In an oscillogram of the signal prior

to filtering, the signal would have been indis-

tinguishable since the receiver had approxi-

mately 10-kc response. The filter had an

810-cps bandwidth, providing an ll-db im-

provement in SNR. Other performance char-

acteristics of the finished equipment are
summarized in Table 7-3.

The layout of the components was made

on three printed-circuit boards, each one cor-

TABLE 7-3--Summary of Equipmenl Performance

Characteristics

Weight ...................

Size ......................

Supply voltage .............

Power consumption at 28 v

Idle ....................

_rhen commanded .......

input impedance ...........

Input signal level ........

Output signal amplitude ....

Output pulse shape .........

Reliability ...............

Temperature range .........

1,5 pounds

4 X 4 X 2.5 inches

20 to 36 v

225 mw

560 mw

10 K at 5451 cps

0.25 to 1 v RMS

Threshold of the squelch circuit can

be set anywhere in this range.
4 v minimum

8 v maximum

Discharge of a 0.002 uf capacitor.

width determined by resistive load.

MTBF (calculated) 20,000 hours

-30°C to +80°C

responding roughly to the three functions of

demodulation, PDM-to-PCM conversion and

decoding. Figure 7-15 shows the demodula-

tion board at the upper left, the PDM-to-

PCM board at the right, and the magnetic
decoder at the lower left.

COMMAND CONTROL UNIT

Introduction

The function of the command control unit

was to accept the decoded commands from

the decoder, and to initiate the performance

of the command. This was accomplished by

storing the decoded commands in bistable

memories and by operating transistor power

switches according to the state of the mem-

ories. In most cases, and on-off command

function was accomplished by directly switch-

ing the power to the desired subsystem.

However, in the wideband subsystem, the

radiation experiments, and the telemetry en-

coder, the command control circuit supplied

only an on-off signal.

Beyond the switching functions performed

in the control circuit, several other outputs

were provided :

1. Command verification- Four discrete

telemetry voltages indicating the state of the

command control memory.

2. Third stage separation indication--A

telemetry voltage indicating separation of

the third stage.

3. Command Receiver AGC--The voltage

from the command receiver amplified in the
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FmURE 7-iS.--Circuit boards showing layout of components.

command control unit and presented as a
telemetry voltage.

4. Initial state set--An arrangement by

which the command control circuit might be
reset to its initial state prior to launch. (This
was done manually rather than by command.)

Also, certain iSgic was incorporated within
the control circuit to perform the following
functions :

1. Wideband subsystem shutdown
a. Low Voltage--Shutdown would occur
when the unregulated bus fell below
some nominal preset level. (Shutdown
could be inhibited by command from

earth).
b. LOw Signal Received -- Shutdown
would occur when signal strength in the
receiver fell below some nominal level
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for a period of more than two minutes.

(The timers which provided the shut-
down signal could be reset by repeating
the "ON" command to the respective
wideband subsystem.)

2. Pulse steering logic which assured that
only one wideband subsystem could be on at
a time, and that the telemetry transmitter
was modulated by only one signal.

Design Approach

Certain trade-offs in weight, volume and
power consumption were made to emphasize
reliability. Unlike the command decoder and
receiver, only one command control unit was
included in the command system. Since
spacecraft operation depended upon the abil-
ity of the control unit to perform reliably,
certain circuits contained an augmented
number of components where the added com-
ponents provided an extra margin of safety.

For example, the design of a redundant volt-
age regulator for the command control unit
eliminated the possibility of the voltage regu-
Iator failing from a single component failure.
Additional considerations for higher reliabil-
ity included :

1. Power Dissipation--Not to exceed 10
percent in any component.

2. Minimum Beta Assumed--The mini-

mum transistor beta assumed in the design
was 10, i.e., the circuits would continue to

operate as designed for betas as low as 10
in the transistors. (All transistors actually
used had betas of greater than 30.)

3. Parts Tolerance--Within +--5 percent of
design value following preconditioning. All
circuits were designed to operate reliably

with a drift not to exceed _+10 percent from
the design value.

Power consumption was minimized within
limits consistent with reliable design. Since
the majority of the transistors in the com-
mand control unit were operated in either a
saturated or cut-off condition, the minimum-

beta assumption resulted in more drive cur-
rent being supplied than required. This pro-
vided an added reliability margin; and the
additional power required was not significant

in relation to over-all spacecraft require-
ments.

Control Box Description

A block diagram of command control cir-

cuits, illustrating the operational description
of the command control box is shown in Fig-
ure 7-16) ; a functional listing of commands

is provided in Table 7-1. Note that input
lines are paired, with redundant signals sup-
plied from the two decoders. The flip-flop
inverts incoming data: the number 1 output

(upper line) is negative and number 2 (lower
line) is positive when the number 1 input is

positive. Similarly, both the level-detector
and power-switch circuits invert the relative

polarity: grounding the input results in a
positive output while a positive input (above
+6.8 vdc) results in zero output.

Command Inputs to the Command Control Unit

Each of the ten input channels of the com-
mand control unit served two commands, re-

ceiving inputs and producing corresponding
outputs :

1. Input Channel 1---A positive input pulse,
the Load-Cutoff-Normal signal, resulted in

an open circuit (to ground) on the output
lead. A negative input pulse, the Load-Cutoff-
Override signal, resulted in a short circuit
to ground on the output lead.

2. Input Channel 2--A positive input pulse,
the Transponder 1 ON signal, provided a
signal of zero volts to turn on the regulated

supply. A negative input pulse, the TV ON-
Phone OFF signal, reversed the polarity of
the voltages supplied to the wideband system
diode mode gate.

3. Input Channel 3--A positive input pulse,
the Transponder 2 ON signal, provided a
signal of zero volts to turn on the regulated
supply. A negative input pulse, the Phone
ON-TV OFF signal, provided the opposite

polarity to the wideband system diode mode
gate.

4. Input Channel 4--A positive input pulse,
the Transponders 1 and 2 OFF signal, pro-
vided a 6 vdc output level signal to turn off

both regulated power supplies for the trans-
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ponders. A negative input pulse, the Trans-
mitter No. 1 OFF signal, removed input

power from telemetry tranmitter No. 1.
5. Input Channel 5--A positive input pulse,

the Radiation Experiment OFF signal, pro-
vided +6 vdc output signal to remove power
from the radiation experiment regulated sup-
ply. A negative input pulse, the Transmitter

No. 2 OFF signal, removes input power from
telemetry transmitter No. 2.

6. Input Channel 6--A positive input
pulse, the Radiation Experiment ON signal,
cuts off the radiation experiment regulator.

A negative input pulse, the Transmitters
No. 1 and No. 2 ON signal, provided +28
vdc power input to each of the telemetry
transmitters.

7. Input Channel 7--A positive input pulse,
the Telemetry Encoder ON-Horizon Scanner

OFF signal, provided +28 vdc to the telem-
etry encoder, and removed power from the
horizon scanner and subcarrier oscillator. A

negative pulse, the Telemetry Encoder OFF
signal, removed power from the telemetry
encoder.

8. Input Channel 8--A positive input pulse,
the Horizon Scanner ON and Telemetry En-

coder OFF signal, provided q-28 vdc input
power to the Horizon Scanner and Subcarrier
Oscillator, and removed power from telem-

etry encoder. A negative pulse, the Horizon
Scanner and Attitude Control OFF signal,
removed power from the horizon scanner and
subcarrier oscillator, and inhibited a flow of
current in the attitude control coil.

9. Input Channel 9--A positive input pulse,
the Modulate Transmitter No. 1 signal,
grounded the modulation input to telemetry
transmitter No. 2 and ungrounded the input
to transmitter No. 1. A negative pulse, the
Current-Coil-Positive signal, supplied a posi-
tive direction current to the attitude control
coil.

10. Input Channel IO--A positive input
pulse, the Modulate Transmitter No. 2 signal,
grounded the modulation input to telemetry
transmitter No. 1 and ungrounded the input
to transmitter No. 2. A negative pulse, the
Current-Coil-Negative signal, supplied a neg-

ative direction current through the attitude
control coil.

Other Signals

Signals utilized by the command control

unit which did not originate in the decoder
and were applied to other than the input
channels were :

1. Third Stage Separation Indicator--The
signal supplied was a switch closure. The

output was supplied to telemetry as a +5V
signal prior to separation and zero volts after
separation.

2. Zero-signal Shutdown Circuit--An in-

put of +22.5 vdc (nominal) was supplied
immediately following the 3-minute TWT
warm-up period in the transponder to op-
erated two-minute timer. The timing cycle
was initiated as soon as the carrier was lost

in the transponder IF amplifier. At the end
of the timing cycle, the wide-band subsystem
was turned off.

3. Voltage Sensor--The voltage sensor
supplied a negative pulse to turn off the trans-

ponders if the battery voltage fell below a
predetermined level. This function could be
inhibited by the load-cutoff override circuit.

4. Telemetry Data--Signals from either
the telemetry encoder or the horizon scanner
and subcarrier oscillator were fed to the

transmitter modulation gate. The gate de-
termined which transmitter was to be modu-
fated.

5. Remove Start Switch--The remote start

switch delayed application of +12 vdc to the
appropriate input of each flip-flop circuit
until the flip-flops were in the desired initial
turn-on state. Once in orbit, this circuit was
inhibited.

Command Control Box Packaging

Early design attempts favoring the stack-
ing of four printed circuit boards were ruled
out by the volume restrictions placed on the

command control unit (4 X 4 X 21//2inches).
The final unit package consisted of three high

component density, printed circuit boards
stacked on top of each other, and is shown
in Figure 7-17; the three boards are shown
in Figure 7-18.



FIGURE 7-17.--Command control unit printed circuit

boards assembled to baseplate.

Testing

The command control unit was subjected

to the same schedule of environmental testing

required of all subsystems and components

in the Relay I spacecraft. During these tests,

all inputs and loads to the command control

box were simulated and operational tests per-

formed. During the tests, the unit's perform-

ance was satisfactory.
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FmURE 7-18.--Command control unit printed circuit

boards wired in harness.

AUTHORS. This chapter was written by S.

ROTH, H. GOLDBERG, and J. BLAIR of the

Radio Corporation of America, Princeton,

New Jersey, U.S.A. under contract NAS
5-1272 with NASA/Goddard Space Flight

Center.

!
:ZL 5 i- i

: --?





:===

Chapter 8

The Spacecraft Power Supply System

INTRODUCTION

General

The Relay I power supply was a solar-
array, storage-bati_ry system with control
and protective devices. Solar cells converted

solar radiation to electrical energy while the
spacecraft was illuminated by the sun but
during eclipse periods power was suppIied
by the storage battery. Batter); power was

also used to supplement solar power when
necessary.

Spacecraft Loads

In orbit, it was planned that one telem-
etry transmitter, the command r_eivers,

and "t_he command decoders Woul_ci_operate
continuously. All other loads were to be com-
manded only when required. .....

The four major spacecra_ft load systems
were :

_i. Continuous loads : 10.4 wattsat 28 volts
2. Telemetry loads: 7.3 watts at 28 volts

3. Radiation experiment loads: 4.25 watts
at 22.5 volts; 1.25 watts at 28 volts

4. Microwave communications loads: 85.6

watts at 22.5 vols; 1.6 watts at 28.0 volts
The four major modes of operation planned

were :
(1) continuous loads only ;
(2) continuous plus telemetry loads;
(3) continuous, telemetry, and radiation

experiment loads';
(4) continuous, telemetry and microwave

communication loads.

171

The nominal current required from the so-

lar array and/or battery to support these
four modes of operation are shown below:

1. Mode 1:0.372 amperes

2. Mode 2:0.630 amperes
3. Mode 3:0.860 amperes
4. _NIode 4i _ 4.440 amperes
_Thep_er supply system was designed to

allow a minimum of 100 minutes of micro-
wave-communication per day under the fol-

lowing conditions :
1. Orbital period: 150 minutes
2.-Maximum eclipse time: 40 minutes
3. Microwave transmission during eclipse :

20 minu_s in each of two successive orbits

4. Sun angle: 90 + 15 degrees
_/Maximtim transmission time per orbit:

3¢minutes

6__elemetry operation i beginning 10 min-
utes before and continuing through 10 min-
utes after each microwave transmission

period.
A typical three-orbit program defined

above is shown in Figure 8-1.
There was no restriction against other

programs. The capability of the power sup-

ply allowed programming flexibility and
microwave communication could exceed 100

minutes per day, if sufficient time for battery
recharge_as allowed between transmissions.
While orbiting in sunlight, allowable micro-
wave communication time was about seven

hours per day, provided continuous trans-
mission time was less than 90 minutes and

sufficient battery recharge time was allowed
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FIGURE 8-1.--Typical three orbit load profile.

between transmissions. As the output of the
solar array decreased, due to radiation dam-
age, the maximum allowable programming
was also reduced. Figure 8-2 shows the
approximate relation between solar-array
degradation and maximum permissible mi-
crowave system operation times for 100-per-
cent suntime orbits.

Design Considerations

The design philosophy of the Relay I pow-

er supply was to provide a basic system with
redundancy, whenever possible and practical.
This followed the basic Relay design in which
two microwave communication systems, com-
pletely separate except for a common an-
tenna, were provided. Where redundancy
was provided, fault isolation techniques were
utilized to isolate defective components. For

example: three battery strings were pro-
vided, each with its own charge controller

and discharge diode, and circuitry to prevent
charging a failed battery.

Each microwave communication system

_ t_A×IMUM ALLOWABE_CONTINUOUS

_ MICROWAV_ I_EPtA_EROPERATION

O _" 1,_ (STARTINGAT FULECHA_GE}

Z _ 1.0

0_5 #
SUN ANGLE_" i I0"

o 2 4 6 8 10 1_ _4 16

RE'CHA_GEINTIERVAL(HOURS)

FIGURE 8-2.--Effect of solar array degradation on

permissible duration of microwave repeater opera-
tion.

had its own voltage regulator, designed to
turn off in the event of a short circuit in

that system. A separate, low-power voltage
regulator supplied power for radiation ex-
periments.

Description of Power System

Silicon solar cells were the primary power
source in the Relay I power system. A
nickel-cadmium battery provided power for
peak loads and eclipses. A block diagram of
the power system is shown in Figure 8-3.

The solar array consisted of 8215 1 X 2-
cm, P-on-N, cells. The cells were assembled
in 5-cell shingles. These were then bonded
to the eight solar panels which formed the
sides of the spacecraft. The diode, D1, rep-

resents the 16 blocking diodes which prevent
loading of the solar bus by a fault in any of
the 16-plane sections of the solar array. The
one-year timer was employed to disconnect
the solar array from the bus after one year
in orbit.

The voltage limiter was a shunt regulator

which prevented the occurrence of solar bus
voltage in excess of 33.0 volts. The three
storage batteries were charged through their
respective charge controllers. Bypass diodes
allowed the batteries to discharge into the
unregulated bus when required by peak loads
or eclipses: The low-voltage load cutoff
sensed the voltage of the unregulated bus and
would turn off the microwave systems if the

voltage fell below a pre-set level. Each
microwave system was powered at 22.5 volts
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FIGURE 8--3. Simplified block diagram of Relay I power system.

from its respective high-power regulator.
The low-power regulator supplied power at
22.5 volts to a number of the radiation ex-

periments. Other spacecraft systems were

connected directly to the unregulated bus. .

Telemetry

Twenty channels of telemetry provided in-

formation on power supply operation. In-

cluded were the following:

1. Solar-bus voltage

_ 2_Battery volta_ oges. (3)

3. Total battery current

4. Solar-panel temperatures (4)

5. Battery temperatures (6)

6. Battery pressure

7. Regulated voltages (3)

8. Voltage limiter current.

Subsystem Testing

Following all environmental tests, the
power supply subsystem, except the solar

panels, was given a final test. The various
components were connected together by a
harness which duplicated the interconnec-
tions of the spacecraft harness.

The subsystem was operated through sev-
eral simulated orbits, with a power supply
replacing the solar array. All possible load
and operating conditions were simulated to
ensure that no undesired interaction existed

between the components. The proper opera-
tion of the battery high-temperature, trickle-
charge circuits; the battery low-voltage,
trickle-charge circuits; and the low-voltage,
load-cutoff circuits were verified. In addition,

all telemetry readout voltages were com-
pared with measured values and verified to

be within the specified accuracy.

SOLAR ARRAY

Introduction

The function of the solar-cell array was to

provide primary power for the spacecraft
during its lifetime. The array performed
this function by direct conversion of solar
energy to electrical energy, using light-sensi-

tive, silicon, solar cells. Energy from the
array was fed directly to the loads or di-
verted to the storage battery during light-
load conditions. Power requirements under

t _7-
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peak-load conditions were met by utilizing

energy from the storage battery in conjunc-
tion with energy from the solar array.

Design Objective

The amount of radiation damage expected
in space was not finitely known. Therefore,
the overall design objective was to provide
maximum power and greatest possible pro-
tection against radiation damage, within

reasonable weight limitations.

Design

Cell

Boron-doped, P-on-N, silicon, 1 X 2-cm so-
lar cells were selected for the array. Each

cell had a 0.040-inch positive strip along one
2-cm edge and the negative surface was cov-
ered with a solder coating. Grid lines on the
positive surface and the solder coating on
the negative surface reduced the internal re-
sistance of the cell and provided higher effi-
ciency.

$h;ngle

Five solar cells were soldered, in series, to
make a shingle. Maximum dimensions for

each shingle were 1.800 inches in length by
0.798 inch in width. The thickness of any
shingle, including filter, was 0.125 inch maxi-
mum. Positive and negative tabs, formed
from 0.016-inch, silver-plated copper wire,
were soldered to the shingle. The shingles

were specified to be 9.6 percent efficient in
space.
Filter

The cover material for the cells was se-

lected after considering several factors. But
the two best materials considered for the

application were sapphire and fused silica
(Corning 7940). Properties of the two ma-
terials which influenced the selection are
listed in Table 8-1.

The advantages of fused silica were its

higher transmission and emissivity as com-
pared to sapphire. Cost of fused silica was
approximately half that of sapphire. The
lower density of fused silica required that
the thickness be doubled to obtain radiation

protection equivalent to that of sapphire at

TABLE 8-1.--Solar-Cell Cover Properties

Property Sapphire Fused silica (Corning 7940)

Density ..............

Specific heat .........

Percent transmission

(room temperature)
0,4 to 1.1 microns_.

Thermal conductivity
(cal/_c) (cm 2)

(°C/era) ...........

Radiation protection

equivalence .........

3.98 grams/cm 3

.18 calories/gram

(0 ° to 20 U c)

85%

0.065 at 100°C

30 mils thick

2.202 grams/em 3

.16 calories/gram

(0 ° C to 25 ° C)

93%

0.0032 Bt 25°C

30 mils thick

approximately the same weight.
Fused silica was therefore selected as the

filter material, and an ultraviolet filter coat-

ing was applied to the surface and bonded
to the cell. Properties of the filter coating
are listed in Table 8-2. The two-centimeter

TABLE 8-2.--Solar-CeU Filter Transmission Properties

Wavelength, millimicrons

300 to 370 .................

380 to 420 .................

500 to 1000 ...............

600 to 800 ................

Transmission

1% maximum

50%average

90% miniraumaverage

90%minimum average

edges of each filter were polished to decrease
shading of the cell when the angle of inci-
dence of the sun vector was not normal to
the cell.

Panel Substrate

The solar array for the spacecraft con-
sisted of eight panels of aluminum honey-
comb construction (see Figure 8-4). Each

panel was composed of a rectangular section,
11.025 inches wide by 16.45 inches long, and
an isosceles trapezoidal section whose base
was 11.025 inches; its upper side was 7.756
inches long, and its height was 15.75 inches.

Four of the eight panels contained cut-outs
in the rectangular section which decreased
the area available for the solar array. The

total projected area of the solar array, at a
sun angle of 90 degrees, varied between 5.4
and 5.8 square feet as the spacecraft rotated
about its spin axis. The total solar-array

weight was 32.42 pounds.
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Array Arrangement

A total of 75 solar cells connected in series
were required to provide the proper voltage
for charging the batteries and supplying the
load. The 75 series-connected cells provided

a safety factor to ensure that voltage output

would be sufficient during the specified
spacecraft life. Fifteen 5-cell sMngles were
connected in series to provide the desired
voltage. The shingles were arrange d on the
pafiel so that several series strings were con-
nected in parallel at each potential level for
increased reliability.

All panels without cutouts had a total of

206 five-cell shingles and 4 each of two and

three-cell shingles for an equivalent of 210
five-cell shingles. Two and three-cell shingles
were used on the trapezoidal section of the
panels for more efficient utilization of avail-

able panel area. Based on the maximum
shingle dimensions of 1.800 by 0.798 inches,
the average packing factor for the entire
spacecraft was 91.7 percent.

Array Assembly

Each panel was carefully cleaned with
acid etch solution and then neutralized as the

first step in assembly. A coating of insu-
lating material (SMP 62/63) was then ap-
plied to the cleaned surface to a thickness

of approximately 0.008 inch. Primer (Gen-
eral Electric SS-4004) was applied to the
insulated surface of the panel and the solder
surface of the shingle. The shingles were

then bonded to the panel, using silicone-base,
room-temperature, vulcanizing rubber.

Shingle-to-shingle, series-parallel connec-
tions were made, using silver plated, 0.016-

inch diameter copper bus wire. Leads were
provided from the arrays on the rectangular
and trapezoidal sections of the panel to
blocking diodes on tile rear surface of the
panel. Diodes were provided for each panel
section to prevent any loss to shorted or
non-illuminated panels. A connector is pro-
vided on each panel to facilitate installation
on the slsa-d66i'-af-f.......

.... Array Power Output

Theoretical

The theoretical power from the solar ar-
ray, under illumination by an equivalent air
mass zero spectrum, and at a temperature of
27 degrees centigrade, was calculated for
each of the two projected array areas at the

optimum angle between the sun vector and
the surfaces of the array. The following
assumptions wer6=_ade in the calculation:

1. Power output was a function of the
cosine of the angle between the normal to
the sun vector and the solar array.

2. Shingle efficiency was 9 percent.
3. Power output from the trapezoidal sec-

tions of each panel was equal to 10.7 watts.
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4. Power output from the rectangular sec-

tion of each panel was uniform and equal to
13.75 watts.

Determination of Optimum Sun Angle

The parameters used to determine the op-
timum sun angle for the solar array as shown
in Figure 8-5. The optimum sun angle was
determined as follows :

SPIN AXIS

Pn - POWERFROM RECTANGULAR SECTION
R; = POWERFROM TRAPEZOIDAL SECTION
p _ ANGLE BETWEENNORMAL TO SUN VECTOR AND SPIN AXIS OF SPACECRAFT(SUN ANGLE)
o _ ANGLE B_EEN RECTANGULAR AND TRAPEZOIDAL SECTIONS OF ARRAY

P o PRCOS _ * P, COS (a- _)

dP Ida ]SlN(a.pl dooP.S_Np-e, _ - _ 7-0

de = -ee SIN p+ e_ SIN (a-p}

TO RND MAXIMUM POWER, SET dP = 0

F_ SIN p = P, SIN (o-p)
Pe SIN J_= PT [SIN a COS j) - C0$ a SiN p)
PR/P_ _ SIN oCOT t- COS a

COT t =_
SIN

COT _ = 13.75_10.7 ÷ .96_ :9.0

t " '_'33"

THE OPTIMUM ANGLE BETWEENTHE SUN VECTOR AND SPIN AXIS IS B3.67u .

FIGURE 8-5.--Solar array sun angle parameters.

Assuming that the power output of the
array can be considered as the average of
the values obtained for the two positions
relative to the sun vector indicated in Fig-

ure 8-6, the following analysis will apply:

P -- V_[(P_cos 6.33°_Prcos 8.14)(lq-2cos 45 °)
-k (2 cos 22.5° +cos 67.5 °) (P.cos 6.33 °

-kPrcos 8.14°)]

P : (2.414÷2.612)[(13.75)(.994)_(10.7)(.99)]
2

AXIS

SUN VECTOR

_ SUN VECTOR

FmuaE 8"6.--Top view of solar array.

P -- (2.513) (13.7 + 10.69)

P average -= 61.0 watts at 33 volts

Tungsten Measurements

The power output of each panel assembly
was measured under tungsten illumination
with the angle of incidence normal to the

section of panel under test. The light source
was 2800°K ± 50°K color-temperature, tung-
sten, reflector-type, sealed lamps. The in-
tensity of illumination at the surface of the
array was 100- 10 milliwatts per square
centimeter as determined by an approved
standard cell. The minimum outputs when
measured at a temperature of no lower than
26°C at 34.5 volts were at least:

1. Trapezoidal section, all panels : 8.0 watts
2. Rectangular section with 8 fifteen-

shingle strings: 10.7 watts
3. Rectangular section with less than 8

fifteen-shingle strings: 9.3 watts

Sunlight Measurements

The solar panels were assembled on a sat-
ellite structure and illuminated under sun-

light. Panel temperature during illumination
was approximately 35 degrees centigrade.
Solar intensity, measured with a pyrheliom-
eter, was 92 milliwatts per square centi-
meter. Current-voltage curves were made
with the angle of incidence normal to the

spin axis of the structure. Seventeen curves
were plotted with the initial and final curves
indicating the power output of the array
with the sun vector bisecting the angle be-

tween panels 2A and 3A (see Figure 8-7).
The other curves were plotted with the struc-
ture rotated in 22.5-degree steps, thus alter-
nately illuminating three or four panels.
Figure 8-7 shows the current-voltage curve
for measurement number 11 and is typical
of aIl the current-voltage curves.

Table 8-3 shows the current at 33.0 volts,

the short circuit current and the open circuit
voltage taken from the 17 current-voltage
curves.

STORAGE BATTERY

General

The storage battery supplied power during
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FIGURE 8-7.--Typical solar array I-V curve.

TABLE 8-3.--Solar-Array Output Measuremenls

Position

1

2

3

4

5

6

7

8

9

I0

11

12

13

14

15

16

17

I@33 v Isc

(amperes) (amperes)

1.41 1.68

1.31 1.55

1.37 1.65

1,28 1.49

1.37 1.61

1.29 1,49

1.43 1.65

1.34 1.52

1 A3 1.69

1 38 1.60

1.42 1.68

1.33 1.52

1.38 1.64

1 28 1.56

1.39 1.66

1.3I 1.52

1.41 1.69

Voc

(volts)

41,0

41.0

41,0

41 5

41.5

41.5

41,5

42.0

41.5

41.5

41.0

41.5

4I .5

41,5

41.5

4I .5

41.5

eclipses and during peak load periods, such

as wideband communication. The battery
was recharged by the solar array.

Sealed nickel-cadmium cells were selected
for the Relay power system as they are

, capable of accepting continuous overcharge
and providing long life when operating in

the expected temperature range of 0°C to
32°C.

Battery Capacity

The battery was required to meet the re-
quirements of the load profile shown in Fig-
ure 8-1 with a maximum depth of discharge
of 50 percent. Figure 8-8 shows the battery
charge-discharge cycle for the load profile of
Figure 8-1 with nominal solar array current

of 1.5 amperes.
The required ampere-hour capacity was

determined as shown below:

Da
ampere-hour capacity required -- 60X0.5

where

D_r -- maximum depth of discharge in
ampere minutes

60 -- minutes per hour
0.5 -- 50 percent maximum depth of

discharge
From Figure 8-8, Dd was found to be 209

ampere minutes. Ampere-hour capacity re-

209
quired was therefore: 60 X 0.5 -°r 6.97 am-
pere hours.

Since the battery consisted of three paral-
lel strings of cells, the individual cell capa-

3
city required was :--_-_or 2.32 ampere hours.

To provide a margin of reserve capacity,
a cell with a capacity of 2.75 ampere-hours,
at room temperature, and a discharge cur-
rent of 1.5 amperes, was selected.

Battery Design

The Relay battery system had three bat-
tery circuits with 20 ceils in series in each
circuit. Each battery was individually
charged from the solar array through sep-
arate charge controllers shown in Figure 8-3.

The maximum battery charging current
was limited to approximately 0.5 amperes
by the charge controllers. Temperature-
sensing thermistors were physically con-

nected to tw9 cells in each battery circuit.
If either of these elements exceeded 90°F,

the charging current to this particular cir-
cuit dropped to a maximum of 50 ma. There
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FIGURE 8-8,--Battery charge_ischarge profile.

was also one cell in each battery circuit

equipped with a pressure switch set to oper-
ate at about 500 psi. Operation of a pressure
switch also lowered the charging current of

that particular battery circuit to 50 ma
maximum. There was one other charge-

limiting feature. The maximum solar array
voltage at the charging system input was
limited to 33.0 volts by the voltage limiter

(also shown in Figure 8-3).
Before maximum charging commences,

(trickle charging is always present) the
battery voltage is sampled and, if the total
voltage is not above 25 volts, the trickle
charge is maintained. The trickle charge
continues until the total battery circuit
reaches 25 volts at which time the current

rises toward its maximum of 0.5 amps. This
feature is included to prevent charging a

shorted or partially shorted battery circuit.

During eclipse, or peak load periods, the
batteries discharge to the unregulated bus
through separate diodes.

Cell Description

The battery cells are sintered-plate, nickel-

cadmium type. The negative plates consist of
sintered, porous nickel impregnated with
cadmium-hydroxide active material. The

positive plates are likewise sintered, porous
nickel plates, but are impregnated with the
nickel-hydroxide active material. Positive
and negative plates are separated and in-
sulated from each other by a cellulose sepa-
rator. The positive plates, negative plates,

and separator are spirally wound and placed
in a cylindrical cell case, hermetically sealed
by heliarc weld. The positive terminal of
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the cell is insulated from the negative cell 30 cells, 10 cells for half of battery circuit

cover by a ceramic annular dis--k brazed-to - i_-(|nciudingone cell equipped with a pres-

the terminal and cover, sure switch), and 20 cells for battery circuit

The cell diameter is 1.272 t_0 i].2_6_jnches; - 2- (includlng ............one cell equipped with a pres-

including terminals, is sure swi_h_. In addison, box 1 includesthe overall lenffth, ' "' ....... - -'.................

2.950 to 2.990 inches; and t_e whig_ht is 145 f_ii-_ba_te_;y and ohe-temperature-sensing

to 163 grams. At temperatures between 25 ° .... _qaerm_t-ors-and two 9-VOIt Zener diodes.

and 30°C this cell has an e]ectrical capacity The diodes supply _tqae-power for the thei _:-

of 2.75 ampere-hours when_discharged-at mistors on battery c_r_u]ts 1 and 2 aridiSii
1.50 amperes to a final voltage of 1.20 v. _he structure.

The nickel-cadmium cells were procure(_ ...... Battery box 2 also contains 30 cells, 10
from the Sonotone Corporation of-_m=s_ofd,- cells forhalf of battery circuit 1, and 20 cells

New York. Sonotone t-es_d t-lae-ce_rls-prior for battery circuit 3 (includin_g one ceil

to delivery. Thesetests consisted of a vibra-

tion test, a 0°C electrical capacity test, a

minimum of one 25°C electrical_capacity test,
an internal-resistance test, an internal-short

test, and an electrolyte leak test.

At RCA, the cells were subjected to an

electrolyte leak test, 60 hours of charge-

discharge cycling at 25°C, 8 hours of cycling

at q-5°C, a post-cycling discharge, and a

final electrolyte leak test. The charge-dis-

charge cycling followed the schedule shown
in Table 8-4.

It was required that all cells remain be-

tween the voltage limits of 1.60 and 1.20

during cycling, and that during post-cycling

discharge, the cell voltage remain at 1.20

(or higher) for a minimum -of 60 minutes.

Any cells exhibiting erratic voltage varia-
tions during the tests were rejected.

Battery ]_ox _[ssembly

Three battery circuits, totaling 60 cells
and their related circuitry, were contained

in two assemblies, designated Battery Box 1

and Battery Box 2.

Battery box 1 (see Figure 8-9) contains

TABLE 8_1. Storage Cell Chwrge-Discharge
Cycling Schedule

Operating ] Duration

mode, ] (minutes)

Discharge ..... [ 20

Discharge ..... [ 10

_harge ....... [ 50

Discharge ..... ] 20

_h arge ....... j 50

Current
(amperes)

1.00

1.50

0.50

0.25

0.50

Total elapsed time

(minutes)

20

30

80

I00

150

equipped with a pressure switch). In addi-

tion to the three battery-sensing thermistors

and the _ucture temperature-thermistor,

box 2 contains a temperature-thermistor, lo-
cated uia-der the thermal controller which is

mounted on this box. The resistors and a

9-volt Zener diode are also mounted on this

box. The diode supplies power for the ther-

mistors on battery circuit 3 and the struc-
ture.

The cells are secured to the battery boxes

with an alumlna-loaded, epoxy bonding com-

pound.-Ehc/a cell is bonded in a hole in either

the top or bottom mounting plates, sixteen

cells being fixed to the top plate and fourteen

to the bottom plate. AB cells, except the
two end ceils on the top plate, are bonded

at the approximate center of the cell, whereas
these two cells are bonded to the mounting

plate one-eighth inch from the top of the

cell. Each battery box is equipped with a

25-pin and a 50-pin connector. The 25-pin
connector contains all the interconnections

between the battery box and the spacecraft.

The 50-pin connector is for test purposes

only and is not used in the spacecraft. This
connector permits the sensing of each cell

voltage during the testing of the battery
boxes.

The total weight of both boxes is 28.73

pounds.

BATTERY CHARGE CONTROLLER

Introduction

The main function of the charge controller

was to limit the amount of charge current
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FIGURE 8-9.--Relay I battery pack.

to the batteries. Other functions performed
were :

1. Allow battery current to flow to power

supply loads whenever battery voltages ex-

ceed the solar bus voltage.

2. Cut off battery charge currents when

the voltage falls below a pre-set value, but

allow a small trickle-charge current.

3. Cut off charge current to battery when

temperature or pressure of the battery is

above pre-set levels.

4. Produce an output pulse when the un-

regulated bus voltage falls below a pre-set
value.

5. Provide a telemetry voltage of each

battery voltage and of the unregulated bus.

The charge controller is located in the cur-

rent paths between the unregulated bus and

each of the three batteries. The unregulated

bus provides power to the regulators and to

other directly connected loads. The solar

array provides primary power to the unregu-

lated bus, part of which goes to the batteries

through the charge controller. When peak

power is required, or the satellite is in eclipse,

the batteries discharge through diodes in

the charge controller to the unregulated bus.

Performance Specifications

The performance requirements were as
follows :

1. A battery charge current shall be con-

trolled to 500 + 100 milliamps, as the un-

regulated bus operates up to a maximum of

33 volts, provided the battery terminal volt-

age is 1.5 volts less than the unregulated bus.

2. Battery low-voltage cut-off shall be ad-

justable and set for 25.5 volts.

3. A 0.2 ma temperature or pressure (cut-

off) signal shall reduce the battery charge

current to a trickle charge current of 50 m_.

4. The pulse generator portion of the

charge controller shall produce a negative-

going pulse of 5 to 7 volts peak amplitude

when the unregulated bus falls to 22 ± 0.25
volts.

5. The telemetry voltage output shall be

0 to 5 volts equivalent to 0 to 36 volts for

each battery and the unregulated bus voltage.

6. Operating temperature range shall be
0 to 30°C.

Design Approach

The charge controller unit is shown in

Figure 8-10. It has an aluminum mounting
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FIGURE 8-10. Relay I charge controller.

plate to which six power-transls_ors are
mounted. Stacked beneath are four printed-
circuit boards-, three of which are charge
controllers, and the :_ourth-is a pulse gen-
erat0r. The entire unit is essentiaiiy en-

closed by a radiation shield of 0.060-inch

brass. The mounting plate was fastened to
tile _ate_llRe Structure, facilitating dissipa-
tion of heat from the t-ransistors: TWO power

transistorsare_associated with each charge
controller circuit, but one is usedas a diode
and therefore dissipates very little power.

The charge controller acts as a current
regulator when the difference in voltage be-
tween the unregulated bus and the battery
voltage exceeds approximately 1.5 volts. Be-
low this voltage difference, the main pass

transistor starts to saturate, reducing the
output current. A reference constant current
is pl;oduced by a combination of Unregulated

bus voltage and battery voltage into a dif-
ferential amplifier with one side of the ampli-
fier returning to a Zener diode. This constant

current is amplified by two emitter-follower
stages and becomes the charge current to
the battery. The amount of output current
is sensed in a resistor and fed back through

amplifiers to subtract from the constant
current source. All of the various charge
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current cut-off features act to reduce the

reference constant current to zero, thereby
reducing the output charge current to mini-
mum.

The pulse generator consists of a differ-
ential amplifier with a common connection
between the collector of one transistor to

the base of the other followed by an emitter
follower. The emitter follower is connected

to the normally-off transistor of the differ-

ential amplifier. When the unregulated bus
falls below 22 volts, the transistor switches

on, reducing the voltage to the emitter fol-
lower, which has a capacitively coupled out-
put, thus producing a pulse.

One thermal problem involved designing
the proper heat sink for the power transis-
tors. It was decided to use Berlox wafers

with Indium washers, the Berlox acting as
the electrical insulators.

Operational Description

Charge Controller--The block diagram
(see Figure 8-11) shows various elements
of the charge cshtrbller. The constant cur-
rent source is shown in_Vlgure_-I2. The

unregulated bus-voYtage operates the Zener
diode CR1 and turns on Ol. When thebase

voltage on Q2, developed by tJhe battery, is
sufficient to turn on _Q2, then Q1 turns off.
The base of Q2 is clamped to the Zener
voltage of CR1 by CR2. The collector cur-
rent of Q2 is then constant. Battery voltage
below the desired level will tend to turn Q2

off, thereby achieving the low battery volt-
age cut-off provision. Temperature or pres-
sure signals Will turn on Q3 thereby loading
the base of Q2 and-cutting off Q2.

The differences in current between the
constant current and the feedback current is

amplified by two transistors in a Darlington
connection and fed to the battery.

The feedback amplifier consists of a dif-
ferential amplifier and an output transistor.

Battery Pressure a_d Temperature Cut-off
Circuits--The battery pressure and tempera-
ture cut-off circuits are described in this

m
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chapter although they are physically part
of the signal conditioner. Signals are re-
ceived from the pressure and temperature
sensor circuits in the battery packs and the
output is fed to the charge controller when
allowable pressure and temperature limits
are exceeded. The output of the circuit will

cut off battery charge currents when high
temperature or high pressure conditions
exist.

The temperature cut-off circuit consists of
two stages: The first stage amplifies the dc

signal from the battery sensor and turns on
the second stage when the input reaches a

predetermined level. A small additional
change in input level will then saturate the
second stage. The output voltage of the

first stage is adjustable to allow for exact.
matching with each battery temperature
sensor.

The battery pressure charge cut-off cir-
cuit consists of a diode circuit connected in

parallel with the output of the temperature
circuit. The pressure signal input has two
levels, either a zero-volt level for normal

pressure or a 9-volt level for high pressure.

Pulse Generator--The pulse generator
shown in Figure 8-13 consists of a normally-
on stage, Q1, and normally-off stage, Q2,
and an emitter follower, Q3. When the

unregulated bus falls to a pre-set value, the
base voltage of Q1 reduces and Q1 starts to
turn off. Since Q2 base is biased near the

same value of Q1, Q2 starts to turn on and

begins to saturate, rapidly dropping the volt-
age on the collector of Q2, which reduces the
base voltage on Q1, turning it off. The drop
in voltage on the collector of Q2 is coupled
through the emitter follower Q3 and is the
output pulse. In order to reset the circuit,
the collector current of Q2 must be reduced

by turning off the voltage regulators.
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FIGURE 8--13. Pulse generator schematic.

VOLTAGE REGULATORSAND
VOLTAGE LIMITER

General

AlI of the regu]ator and I[miter circuitry,
w_ith the exception of the power transistors,

is packaged in one assembly (see Figure
8-14). The voltage regulator and the limiter
assembly has a volume of 50cubic inches and

weighs 1.4 pounds.
The power transistors for the voltage

l-lmlter, the low power regulator, and both

high power regulators are mounted on the
spacecraft m%uh_i2g collar assembIy. This

location was seIec_d because it allows heat
from_the transistors to be radiated directly
into space without heating the interior of

the spacecraft.
Stainless steel caps are bonded to the

transistors to protect them from radiation.
Figure 8-15 shows the mounting collar as-

sembly before the' stainless steel caps are
bonded on.

HIGH POWER VOLTAGE REGULATOR

Introduction

The High Power Voltage Regulators Nos.

1 and 2, supply regulated voltage of -{-22.5
volts +_1 percent to wideband communica-
tions systems Nos. 1 and 2, respectively.

The regulators are operated from the un-
regulated bus. The power required for wide-
band system operation is partially supplied
by the batteries, therefore the unregulated
voltage excursions during this time are from
28 volts to 23.5 volts.

The regulators can also be switched on

and off; that is, the power to the wideband
systems can be supplied or interrupted by
ground-station command. Each supplies a
load current of about 3.5 amperes when
switched on. The circuits are designed to
withstand 50 percentoverload and tests have

shown that 100 percent overload can be
tolerated. A short-circuit load will turn the

regulator off, since the feedback drive is
interrupted. This is a distinct advantage of
the collector output series regulator con-

figuration and obviates the necessity for
complex protective circuitry.

Since the major portion of regulator losses

occur in the series path between unregulated
input and regulated output, no dropping
elements except the series pass transistors
were placed in this path. This allows the

FICURER 8-14:--Relay I voltage regulator. FigURE 8-IS.--Collar assembly.

/ :-
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unregulated voltage to fall to the point where
the series pass transistor becomes saturated
before regulation is lost. The input voltage
high limit is set by the battery discharge
characteristic which starts at a level of about

28 volts and decreases fairly rapidly to a
level slightly above the transistor saturation
point. The overall efficiency during the
period of wideband systems operation is
therefore very high.

Design Obiectlves

The performance specifications of the high
power voltage regulator are as follows:

Input Voltage--23.5 to 28.0 vdc
Output voltage--22.5 vdc --+1%

Output current--O to 5.5 amperes
Line regulation---+0.2% under the input-

voltage conditions of 23.5 to 28.0 vdc

Load regulation----+0.5% under the out-
put-current conditions of 0 to 5.5 amperes

Ripple and noise--lO mv RMS
Line transient response--Output voltage

shall recover to 2 percent of nominal (for
steps in line voltage of -+4 v, within the
input-voltage limits of 23.5 to 28.0 vdc)
within 50 _secs.

Load Transient response--Output voltage

shall recover to 2 percent of nominal (for
step-load changes from 0 to full load) within
100 _secs.

Output Impedance--0.2 ohms, or less, over
a frequency range of 0 to 10 kc.

Polarity--Negative side may be grounded.
Temperature Requirements- The unit

shall maintain the above electrical perform-

ance specifications while operating in an
ambient temperature of --10°C to +45°C.

Controls--A level control shall be provided
to adjust the output voltage to 22.5 vdc -+1
percent.

In addition to the performance specifica-
tions, other design objectives were: light
weight and small size compatible with the

aforementioned specifications, low power
consumption, and high reliability.

Design Approach

The high-power voltage regulator block
diagram is shown in Figure 8-16. A series-
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FIGURE 8-16.--High-power voltage regulator, block

diagram.

regulator configuration was chosen because
the battery flat discharge characteristic al-

lows high overall efficiency during wideband
transmission. The requirements for regula-

tion, transient response, and output imped-
ance over a wide frequency range are much
easier to attain with this configuration than
with a controlled-pulse-width input switch-
ing-regulator. In addition, small physical
size and low weight were realized, since large
L-C filter sections are not required.

The regulator consists of an output volt-
age sensing network, a temperature- compen-
sated, Zener reference diode, two cascaded

differential amplifiers, a parallel pair of

series pass transistors driven by a third
power transistor in a Darlington connection,
and a transistor switch to effect the turn-on

and off of the regualtor.

Two series-pass transistors, in parallel,
are used to share the power dissipation and
also provide lower minimum voltage drop
than is obtainable with a single transistor.

Cascading two differential amplifiers al-
lows the first amplifier to operate with a
balanced output. The net result is increased
linearity, due to restricted collector voltage
excursions, and more complete cancellation
of V_: and Ic,o mismatching, as a result of

temperature changes. Temperature effects
at the input to the first differential amplifier
are held to a very low level by a temperature-
compensated reference diode, and low tern-
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perature-coefficient resistors in the sensing Citor provides a low output impedance at
network, fi-equencies beyond the point where the nor-

An effective method of allowing the regu- mal regulator impedance increases because

lator to supply either 0 volts or the regulated of loop gain reduction.
22.5-volt level to the load is to produce an

Equipment Performance
open-circuit in the feedback path. This was
done by using a transistor as a switch and The data in Table 8-5 was taken from
placing it in parallel with the input to the = a flight model high power voltage regulator.

_ : It is considered typical data and is includedsecdnd differential amplifier. Upon recelv-
ing the proper dc level from the command _ to show the performance versus specifica-
subsystem, signifying an off condition, _his tions.

transistor becomes Saturated and shunts the i :i fLoW POWER VOLTAGE REGULATOR
feedback drive to ground, effectively open
circuiting the series pass transistor. When Introduction

the feedback drive is restored, the regulator The low-p0wer voltage regulator suppi_es _
delivers 22.5 volts to the load. +22.5 volts, -+- 1 percent, to the radiagi0n

experiments loads. The regulator is sup-

ope,ot;onol _e,c,_pt;on plied voltage from the unregulated bus and
A change in output or load voltage, due to may be operated during the time the bat-

either load resistance or input voltage fluc- teries are being charged from the solar
tuations, is applied to the input of the first array. For this reason, the low power regu-

differential amplifier by the resistive divider lator must withstand input voltage excur-
sensing network. A small lo£d voltage change sions of 23.5 to 34.5 volts.

appears as a large error voltage at the input This regulator can also be commanded on

to the second differential amplifier, since it and off and delivers 0 volts to the load when
is compared to the Zener reference voltage its output terminals are short-circuited. The
and amplified by the first stage. The second regulator delivers 300 milliamperes to the

amplifier further amplifies the error and load under normal operation and is designed
produces a change in the base drive, or bias to accept constant overloads of at least 50
level, of the drive transistor. Due to the beta percent. The major difference between this

multiplication of the Darlington-connected circuit and the high power voltage regulators
driver and series pass stages, the small cur- is increased load capability.
rent change at the base of the driver results
in a sufficiently large change in current to _e_ig, obi_,ti_,
the load to restore the load voltage to its The performance specifications for the

pre-disturbance level. The phase of the error Low Power Voltage Regulator are as fol-
signal is such that negative feedback is in- lows:

troduced in a closed loop. Input Voltage--23.5-34.5 vdc.
Without internal gain/phase compensa- Output Voltage--22.5 vdc ± 1%.

tion, these same deviations would trigger the Output Current--O-0.5 amperes.
circuit into oscillation. This is because the Line Regulation--+ 0.2_: under the input-

cutoff frequencies of the various transistors voltage conditions of 23.5 to 34.5 vdc.
are sufficiently close to produce an additional Load Regulation--± 0.5% under the out-

180 ° of phase shift at a frequency where the put-current conditions of 0 to 0.5 ampere.
loop gain is greater than unity. Phase-lag Ripple and Noise--lO mv RMS.
compensation networks in the circuit start Line Transient Response--Output voltage

the gain roll-off at a frequency much lower will recover to within 2 percent for steps
than the transistor cut-off frequency, with a in line voltage of ÷ 5v within the input-
controlled rate of decrease. The output capa- voltage limits of 23.5 to 34.5 vdc.
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TABLE 8-5.--High Power Voltage Regulator Electrical Test Data

Test

Line regulation ..............

Load regulation ............

Ripple .....................

Conditions

Vin ffi23.5v to 28v

(IL =4.5A)

IL=O to 4.5A

(Vin =27v)

Vin = lv P-P
@ 20 cps

Performance

AVo=14 mv

AVo=31 mv

Vo = 1 mv P-P

Comparison with
specffications

BeHer

Better

Better

Output

impedance

Transient

response
(line)

Transient

response
(load).

Short circuit

current.

Oto lOkc

A Vin = 5v step

IL=4.5A step

R load =0 ohms

On/off control ........................................

Temperature A Tamb = 45°C

stability.

Zo <0.1_

Vo recovers to
2% in 5 _secs

Vo recovers to

2% in 75 btsecs

20ma

Operates

AVo =43 mv

Better

Better

Better

Not specified

As specified

Better

Load Transient Response--Output voltage
will recover to within 2 percent of nominal
for step load change from 0 to full load
within 100 _secs.

Output Impedance--0.2 ohms, or less, over
a frequency range of 0 to 10 kc.

Polarity--Negative side may be grounded.
Temperature Requirements _ The unit

shall maintain the above electrical perform-
ance specifications while operating in an
ambient temperature of --10°C to +45°C.

Controls--A level control shall be pro-
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vided to adjust the output voltage to 22.5
vdc -+ 1 percent.

An additional design objective was to meet
the aforementioned performance require-
ments with minimum size and weight, mini-

mum power consumption, and maximum re-
liability.

Design Approach and Operational Description

The design approach and operation of the

low power voltage regulation is the same as
that previously discussed for the high power
regulator. The block diagram of Figure 8-16

applies to the low power regulator as well.
But the series pass configuration for the low
power regulator contains only one series
transistor, instead of two in parallel, and
the driver transistor is eliminated.

Equipment Performance

The data in Table 8-6 was taken on a

flight model low power voltage regulator.
It is considered typical and is included to
show the performance versus specifications.

Voltage Limiter

Introduction

The voltage limiter is a shunt regulator

that provides protection for all circuitry
connected to the solar bus. It limits the

maximum array voltage.
The circuit was designed to shunt current

from the solar array and begin limiting the
solar array voltage only when it exceeds the
threshold of 32.5 volts. This could have

occurred at any time during the solar day if

TABLE _-6.--Low Power Voltage Regulator Electrical Test Data

Test

Line regulation ..............

boad regulation .............

Ripple ....................

:)utput

impedance

rransient

response

(line)

rransient

response

(load)

_hort circuit

current

0n/off control

temperature

stability

Conditions

Vin=23.5v to 34.5v

(IL = 500 ma)

IL =0 to 500 ma

(Via ffi 27v)

Via = lv P P

20 cps

0 to 10 kc

AVin = 5v step

[L = 500 ma step

R load _0 ohms

Z_Tamb=45°C

Performance

Z_Vo-- 14 mv

/XVo = 14 mv

Vo = 2 mv P-P

Zo < 0.01

Vo recovers to

2% in 20 p_ecs.

Vo recovers to

2% in 50 #secs.

2% in 50 _cs.

IL =35ms

Operates

ZXVo = 15 mv

Comparison with

specifications

Better

Better

Better

Better

Better

Better

Not specified

As specified

Better
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the load on the solar bus was very light, but
was most likely to occur when the satellite
emerges from the earth's shadow into the
sunlight. The array at this time is at the

lowest temperature, possibly as low as
--58°C, and generates maximum voltage.

Typically, the voltage would be higher than
50 volts at --58°C. Since this voltage would

cause excessive dissipation in the voltage
regulators, charge controllers, and other

equipment, the voltage had to be limited.
The dissipated power to lower the solar
array down to 32.5 volts is approximately
48 watts. This corresponds to drawing 1.35
amperes from the array.

Design Objectives

The design objectives were basically the

same as for other satellite components,
namely, maximum reliability, minimum

weight, and minimum power consumption.
In order to accomplish all of these objectives,

the need for semiconductor circuitry was
obvious. Although the purpose of this circuit
is to dissipate excessive, unwanted power
(this is only true when the solar array ex-
ceeds the threshold of 32.5 volts), it must

draw minimum power below this threshold
to prevent adverse effects on the energy bal-
ance of the satellite. This objective is ful-

filled in the basic design by utilizing a sharp
I-V characteristic at the threshold voltage.
Finally, reliability was assured by use of
the most reliable parts, process inspections
during fabrication, and rigorous environ-
mental testing conditions, beyond those en-

countered in launch and actual space opera-
tion.

Design Approach

The circuit is designed to utilize the very
sharp I-V characteristics of a low-power,
Zener diode, multiplied in power capability

by several transistor stages. This type of
limiter has several advantages over the

simple, high-power Zener diodes. The result-
ing I-V characteristic is much sharper than
that of a high-power, Zener diode; a larger

power-handling capacity is possible; there is
greater ease in handling the dissipated power

(since it is distributed among four power
resistors as compared to one Zener diode);
and the breakdown voltage can be set to any
desired value.

Operational Description

A block diagram of the limiter is shown in
Figure 8-17.

The limiter compares the solar array bus
voltage to that of a Zener diode and then

amplifies the difference voltage in a com-
parison amplifier. The comparison amplifier
produces an output voltage when the voltage

divider output voltage exceeds the Zener
diode breakdown voltage. This signal is then

amplified further by the final two transistor
stages, resulting in a much higher power
dissipation capability than that of a Zener

diode design. The power resistors are
mounted on the outside surfaces of four

separate solar panels to effectively radiate
the dissipated power on the outer surface of
the satellite. The power transistor used in
the final amplifier stage is mounted on the
spacecraft mounting collar assembly (see
Figure 8-15).

Equipment Performance

The electrical I-V characteristic of the

voltage limiter is shown in Figure 8-18.
Table 8-7 is a summary of its electrical and
mechanical characteristics.

ONE-YEAR TIMER

The one-year timer is provided to open
the solar array bus and thus deactivate the

spacecraft after one year in orbit.

> VOLTAG_

FIGURE8-17.--Voltage limiter, block diagram.
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FmURE 8-18.--Bus voltage vs. voltage limiter current.

The timer is an electro-chemical device

which functions by deplating a lead peIiet

from a silver wire. The silver wire is spring-

TABLE 8-7.--Electrical Test Results Summary

Test

Threshold voltage at room

temperature .................

Full load voltage at room

temperature ...................

Temperature stability .............

Current

I = 100 ma.

I = 1.35 Amps

I = 1.60 Amps

I=100 ma

T = + 34°C

I = 1.35 Amps

T = -- 10°C

Voltage

V =32.51

V = +3284

V =+32.91

V ffi + 32.80

V = +33.34

Off current ...................... 11 ma Total V =30.0

loaded and after the lead pellet is deplated,
the wire is decomposed by chemical action
and breaks, thus opening a switch which is
connected in the ground return leads of the
solar array.

The timer is powered by a 9-volt Zener
power supply and draws 15 microamperes.
The timer weighs 0.3 lb. and occupies a
volume of 5 cubic inches.
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Spacecraft Environmental Testing

INTRODUCTION
L __

General

The physical tests specified for Project
Relay approximated the environments and

stresses expected for the spacecra_t during
handling, launch, and orbital flight.

Environmental Qualification Tests

" Environmental qualification testswere in-

Chapter 9

-- --_:..[_.:_ 7 - -.-: _

to:improve-reliability of the spacecraft by

providing a "break:in" period and by dis-
closing workmanship defects prior to flight.
While comparable to field environment in

severity, the conditions were intended to be
mild enough to avoid fatiguing or wearing

out the equipment.

Unit Tests
. _ ........ _ \

All flight units were subjected tO Environ-

tended to ensure and verify the design of the mental Acceptance Tests, with applicable
prototype before flight testing similar _space- electrical tests, prior to delivery for assembly
craft.

The test conditions for the prototyp'e-were
intended to be more severe-than field-condi-
tions ' -_ .......... " ............ _ _ _-m order to provide assurance m I0cat-

ing faults, and thus compensating to Some
extent for the statistical limitation of the

small sample size. However, the conditions
were not intended to be so severe as to ex-

ceed reasonable safety margins or to excite

unrealistic modes of failure. The prototype
was subjected to the following tests:

1. Spin
2. Temperature
3. Vibration
4. Solar Simulation

5. Humidity
6. Thermal Gradient
7. Acceleration.

, Environmental Acceptance Tests

The flight model spacecraft was subjected
to only the first four tests listed above. En-

vironmental acceptance tests were intended

: - : - :
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to the spacecraft. No prototype or other
equipment subjected to Environmental Qual-

ification Tests wg_su_)ed_ fRr flight spacecraft.

RELAY SPACECRAFTEXPECTED [NVI_ONMENT

General

The spacecraft was expected to encounter
a wide range of environmental conditions

during its lifetime. For convenient classifi-
cation in design and test, the total lifetime
environment was divided into three phases:
Phase I concerned earth events (long term),

i.e., manufacture, assembly, test, handling,

storage, shipment,-standby, and prelaunch
checkout. Phase II Concerned launch events

(short term), i.e., boost and separation.
Phase ItI concerned the orbital flight (long-

term)
The significant conditions of environment

in the various phases are: ........
1. Phase I: mainly clim_e_m]_era-

ture, humidity,_press_ir_, _ san_n_an_dust,



192 RELAYI--PARTI

fungus,salt spray,sunandrain), alsoshock,
vibration, and spacecraftequipmentopera-
tion.

2. Phase II: mainly aerodynamic and pro-
pulsion sources of temperature, vibration,

acoustic noise, shock, spin, and acceleration;
also vacuum conditions.

3. Phase III: mainly temperature and
vacuum; also solar irradiation, cosmic rays,

charged particles, and micrometeoroids.

Environment During Phase I

Temperature

Temperature extremes for unprotected
spacecraft during air transport and unshel-

tered ground conditions were expected to
reach --37°C and +70°C respectively. Dur-
ing standby and prelaunch tests, the temper-
ature of the spacecraft (combined effects of

heat generated by spacecraft equipment,
solar radiation on the nose fairing, and

temperature of the atmosphere) usually
ranges from 0°C to +35°C at Cape Ken-
nedy. After the spacecraft was mated to the
third stage, during on-stand operations prior
to removal of the gantry (at approximately
T--90 minutes), conditioned air at 15 to
24°C, less than 30 percent RH, was supplied
beneath the third stage nose fairing via a
plastic shroud. After removal of the gantry
and conditioned air lines, the third stage,

at a uniform temperature of approximately
20°C acted as as a heat sink to moderate the

temperature within the fairing during sub-
sequent operation of the spacecraft equip-
ment and solar heating.

Humidity

Humidity (up to 100 percent) was ex-
pected, at temperatures allowing condensa-

tion to take place in the form of water or
frost, in both shipping and handling.

Vibration

Complex vibration (including sinusoidal
and random) was expected during shipment,
the level of which varies with the kind of
vehicle used and the extent of care exercised.

The estimated maximum effect of vibration

during careful transport by truck can be

represented by sinusoidal vibration, applied
to the shipping container of less than 2 g
RMS from 1 cps to 500 cps. Vibration trans-
mitred to the spacecraft assembly was mini-
mized by careful design of the isolator sys-
tern which supports the assembly in the
shipping container.

Shock r .

Special handling, packaging, and care dur-
ing transportation of the spacecraft were
expected to preclude shock of sufficient mag-
nitude to damage the components. To mini-
mize shock, transportation by special air-
ride van (at controlled speeds over a pre-
planned and checked route) was provided.
Recording accelerometers were installed on
the floor of the van and on the isolation

system of the shipping container. These strip
charts were examined to insure compliance
with the handling procedure.

_tessure

Atmospheric pressure was expected to
range from 30.5 inches of mercury at sea
level to 28 inches during transport.

Sand and Dust

The spacecraft was expected to be sub-
jected to sand and dust particles encoun-
tered in beach and desert areas.

Salt Spray

Salt sea atmosphere in coastal regions
was an expected environment.

Fungus

Fungus growth encountered in tropical
climate was an expected environment.

Solar Radiation

The spacecraft, when not protected, was
subjected to the complete spectrum of solar
radiation at a maximum level of 360 Btu,

per square foot, per hour, for periods of

two hours per day.

Rain

Special care was exercised to minimize
rain penetration.



F

L

L m

[
[
E

Environment During Phase II
-_'__ = .....

Temperature - Time of flight

The maximum temperature of the Space--- r+1_o .....................
craft assembly during launch and'prior to First.ragebur.out..........
fairing jettison was expected to be 165°F, Third-stagespinup ..........

Third-stage burnout .........

based on a maximum fairing interior surface
temperature of 150°C and a fairing _ettison

time and altitude of approximately-lgOsec-
ends and 400,000 feet, respectively.-(These
values were based on most severe 165-thou-

sand-pound-thrust Thor trajectory.)

Humldhy

Humidity up to 95 percent was expected
at lower altitudes during launch.

Vibration

Complex vibration to relatively high values

was expected in the spacec_=a_t-assembly
during the launch phase. The main sources

of vibration are: _gine acoustic noise at
liftoff; aerodynamic forces near Mach 1 and

near maximum dynamic pressure;a _ strong
600 cPs combustio_resonan'ce of tl_e third

stage ; and shock forces at ignition, burn out,
and separation of each St-age_]%_ues in

Table 9-1 representest]ma_tedvi-brationcon-

ditions of the maxim__m severity which were
expected by the Relay spacecraft: _
Acceleration

Values of axial and s_de load factors, due
to Sustained accelerations,-w_ch_ were ex-

pected, are given in Table 9-2_

Txm,z 9-1. Vibration Frequency Sweep Schedule

Vibration Frequency Test Dura- Acceleration
axis range, cos tion, rain, g 0-to-peak

550

500-50

500-2000
2000-3000

3000 5000

. . __ -
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TABLEO--_. Acceleration Load Factors Expected

Axial load factor Side load factor

4.3g 1.2g
12,4g 0.8g

4,8g 0 g (*)

20.6g 0 g (**)

*Does not include centrifugal loads due to spin.
*_Based on 180-1b. weight at third-stage burn-out and a maximum

ABL X-248 thrust of 3700 ]b

0.83

0.83

0.50

0.15

0.I8

_2.5 rain.

Thrust

(Z-Z)

Lateral

(X-X)

a_d

(Y-Y)

5 50

50O-5O

5OO -200O

2000 -5000

15

7.1

14

36

14

0.6

1.4

2.8

I 1.3

Grand total

0.83

0.83

0.50

0.33

Spin

Maximum nominal spin rate, which was

expected to occur simultaneously with the

axial acceleration listed in Table 9-2, was

2.75 rps.

Pressure/Vacuum

Ambient pressure in the atmosphere and
in space during the launch phases were

expected to vary approximately as listed in
Table 9-3.

TABLE 9--3. Ambient Pressure Ranges Expected

Phase Pressure (inches of mercury)

F[rst-stagcboost ............ ] 30.5 to 5 X 10 -s

Second-stage boost ....... -1 2 X lO-g to 8 X 10 -1¢

7. -._ - _ -. -: -
Shock

Shocks caused by ignition, cut-off, staging,
etc., occurring during vehicle operation,
were considered less severe than the vibra-

tion during launch.

Environment During Phase III

Temperature

The internal mean temperature of the
spacecraft equipment mounting surface dur-
ing the orbit phase was expected to be
maintained between +4°C and +30°C with
the aid of the spacecraft thermal controller.
Temperature at extreme locations of internal
equipment components was expected to reach
limits of I°C and +38°C, except in the
immediate vicinity of the traveling wave

tube, where the maximum temperature
_-2,_ mi,..... would exceed +38°C. The external surfaces

_7.s n_in. of the spacecraft would be subjected to radi-
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ation from the sun (442 Btu per square foot

per hour), radiation from the earth (in-
cluding reflected sunlight), and radiation
from space. The temperature of the external
surfaces was expected to vary between the
limits of --100°C and +38°C.

Vacuum

Space vacuum at pressure of less than
4 X 10-l° inches of mercury was expected.

Charged Particle Radiation

The boost trajectory was such that the

spacecraft would traverse the inner Van
Allen zone of trapped radiation as well as

during the spin test, corresponding to 11/_

times the maximum spin rate of the vehicle
(see Figure 9-1) anticipated during third
stage powered flight. The spacecraft was
operated for two simulated orbits of wide-

band mode, i.e., 36 minutes of repeater oper-
ation followed by 127 minutes of standby

operation per orbit. Power was supplied to
the spacecraft from an external power sup-
ply via slip rings; all other signals were via
radio links.

encountering radiation from

experiment.
Micromnteorolds

Micrometeoroids were considered unlikely

to penetrate the spacecraft and thus become

hazards to internal components. The space
densities of the micrometeoroid stream or

shower (Geminid) and of singular (Spora-
dic) micrometeoroids about 80 km altitude
are shown by expressions (a) and (b) when

10 -la --_ m --_ 10 -_

where m ----mass of micrometeoroid in grams.

The average density of the material is ap-
proximately 3.4 grams per cubic centimeter.

(a) 4X 10_l,(__1_ '_ ) per cubiccentimeter(Geminid)

3.5 X 10-2: per cubic centimeter
(b)

m (Sporadic)

Micrometeoroid velocities under the condi-
tions stated above are:

Geminid : approximately 36 km/sec ; direc-

tion in the equatorial plane
Sporadic: 10 to 70 km/sec; any direction

except from the approximate direction of the
earth.

Micrometeoroid densities were best esti-

mates, based on the small amount of data
available at the time of issuance of the en-

vironmental specification.

QUALIFICATION TESTS

Spin

The spacecraft was spun up to 206 rpm

the Starfish

W

FIGURE 9-1.--Relay I spacecraft mounted on spin

test fixture.

Temperature

This test was performed in air instead of

vacuum as an expedient measure to prevent
excessive expense for thermal-vacuum retest
in the event of a seriously defective unit.
The spacecraft was installed in a 14'X 14'X17'
Tenney chamber (see Figure 9-2) capa-
ble of producing temperatures from --80°F

to +250°F, and relative humidity from 20

percent to 95 percent over a temperature
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The spacecra-ft-wasthen attached to an

MB-C210 vibrationgenerator by means of

a rigid jig fabricated with a spacecraft

adapter. The adapter duplicatedthe vehicle

mating surface.

FmURZ 9-2.--Relay I spacecraf t installed !n Tenny
chamber.

.... _ _:_ = .... :

range from 33°F to 185°F. All connections

to the spacecraft were made via hard-lines.
Following an electrical checkout of all sub-

systems, the battery packs Were i_emoved
from the spacecraft, and the inoperative

spacecraft was subjected to a temperature
soak of 6 hours at --30°C, followed by 6
hours at +60°C. After removal from the
chamber, the battery packs were reinstalled,
electrical performance was verified, and the
spacecraft reinstalled in the test chamber.

The spacecraft was then operated for two
simulated orbits in wideband mode at tem-

peratures of --5°C and +35°C.
Thermocouples were installed at various

significant points within the spacecraft and

at specific reference locations indicated by
thermal analysis.

Description of Vibration Facility

1. Capability--The MB-C210 vibration ma-
chine is capable of producing 28,000 pounds

peak force (sine) or 25,200 pounds force
(random) with a maximum displacement of

_ 1/_-inch over a frequency range of 5 cps
to 2000 cps. The control console can provide
sinusoidal, logarithmic-sweep, wideband os-
cillation with automatic frequency cycling,

and servo control to provide constant accel-
eration, velocity or displacement with vary-
ing frequency. The random frequency ex-

citer contains a parallel 80-channel-filter
spectrum analyzer and manual/automatic

spectrum equalization (--+ 3 db), facilitating
narrow bandwidth scanning, manual/auto-
ma_ic system compehsation, and spectrum

shaping.
2, Prbtect_ve Devices--Protective devices

presently incorporated into the shaker sys-
tem include the following:

a. An amplitude limiting device which

limits the shaker amplifier input drive.
b. A displacement limiter, to prevent

excessive displacements from occurring.
c. An acceleration discriminator, which

removes the drive to the machine in the

event a pre-set peak g-level is exceeded.
d. A safety monitor which overtakes

control of the machine in the event of loss

of servo control signal from the control
accelerometer.

e. An automatic random protective cut-

out which protects the machine in the
event of a random failure in the servo

system.

Instcumentation

: 1. Installation---For purposes of control-Vibration
: _ _ = .... ==_ ling vibration applied to the spacecraft, a

Go,e,al : calibrated acceierometer was attached rigidly
Prior to test, an electrical performance to the jig near the_spade_raft-jig interface

check was made of all spacecraft subsystems, and aligned with the axis of applied vi-
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bration. Two other accelerometerswere
mountedon the jig, closeto the spacecraft-
jig interface,to monitoruncontrolledlateral
crosstalk. The sensitiveaxis of both ac-
celerometersweremutuallyperpendicularto
the first.

2. Calibration--All accelerometers were
calibrated on a two-inch thick aluminum

adapter plate bolted to the vibration ma-
chine. To eliminate noise, the accelerometers
were cemented with Kodak HK910 adhesive.

The primary accelerometer was a secondary
NBS standard. Calibrations were run at

lg, 5g and 20g (all peak), over the fre-
quency range.

Sinusoldal

Sinusoidal vibration is used to simulate

the third stage effects. This portion of the
test was conducted by sweeping the range
from the lowest to the highest frequency,
once for each range specified in Table 9-4.

T AnLE 9-4.--Sinusoidal Frequency Sweep Schedule

Vibration
axis

thrust (Z-Z) ....

:,ateral (X, Y)___

Frequency

range eps

5 5O

50-500

50(_2000

550

50 500

500-2000

Test dura-
tion (min)

1.66

1.66

1.0

1.66

1.66

1.66

Acceleration

g, 0-to-peak

2.3

10.7

21.0

0.9

2.I

4.2

Time-rate-of-change of frequency was pro-
portional to frequency at the rate of two
octaves per minute.

Combus_Jon Resonance Dwell

This test simulated a measured combus-
tion oscillation observed in the X-248 solid-

propellant rocket motor. The range of the
sinusoidal vibration test was from 550 cps
to 650 cps. The test was conducted by tra-
versing this 100-cps band slowly, over a one-
half minute period. Rate of change of fre-

quency with time was proportional to fre-
quency. The vibration level achieved was the

maximum available from the vibration equip-
ment (C210) for the thrust axis, and 14.5 g,
peak, for each lateral axis.

Random

Random vibration is considered to occur

during launch and maximum dynamic pres-
sure flight. During the random noise vibra-
tion tests, signals from the control acceler-

ometer were passed through a bandpass-filter
type analyzer that was adjusted to scan the
test frequency spectrum. The filter band-
width was narrowed as required by the test
requirements.

Gaussian random vibration was applied to
the spacecraft with g-peaks clipped at three
times the root-mean-square acceleration, ac-
cording to the schedule shown in Table 9-5.

TABLE 9-5.--Random Vibration Sweep Frequency Schedule

Vibration Frequency Test PSDrange duration level

axis I (eps) (minutes) (g_/cps)

Thrust (Z-Z) .... I 20_-2000 4 0.07

Lateral (X X .

and Y-Y) ..... 1(30 2000 (each4axis) 0.07

With the spacecraft installed on the vibra-
tion machine, the control accelerometer re-

sponse was equalized with a peak/notch filter
system, so that the specified peak-spectral-
density values were within __+3 db within

the frequency band; the filter roll-off char-

acteristic above 2000 cps was 40 db per
octave or greater.

Thrust Axis

A cylindrical-bodied fixture was bolted to
the adapter plate of the C210 vibration ma-

chine. This fixture was equipped with the
lower mate to the 3rd stage separation ring.
The spacecraft was then mounted on the
fixture (see Figure 9-3). The two mating
halves of the separation ring were held to-

gether by a Marman-type clamp designed
for vibration loads. Three orthogonal ac-
celerometers were then cemented to the vi-

bration fixture as close to the separation
ring as possible.

Following the connection of test and in-

strumentation cables, an operational check
of the spacecraft's various subsystems was
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FIGURE 9-3.--Spacecraft mounted on C210 vibration

machine for thrust axis vibration test.

FIGURE 9-4.--Vibration machine spectrum equaliza-

tion equipment.

\

made. For survey purposes a preliminary
vibration run was made using servo-con-
trolled sinusoidal inputs as follows:

Run A: 2g peak, 50-500 cps, 2 octaves/
minute.

Run B: 4g peak, 500-2000 cps, 2 octaves/
minute.

This survey acquainted test personnel with
timing of tests, and checked the servo con-
trol of sweep rate, accelerometer outputs,
and instrumentation recording.

Following a review of the survey data, the
sinusoidal and the combustion resonance

tests were carried out. All spacecraft elec-

trical systems expected to be operating
during launch were exercised during these
tests and results were recorded and analyzed.

Upon completion of the above tests, a
low level random vibration (lg RMS) was

applied to the spacecraft. The response spec-
trum was observed on a scope, and equaliza-

_ tion was varied on an MB N-300 spectrum

\equalizer until the response was flat to with-

\

\

in ___3db (see Figure 9-4). An X-Y plotter
was used to record equalized response. Fol-
lowing equalization, the spacecraft electrical
systems were checked and the random vibra-
tion test of Table 9-5 was carried out.

tatera|

After removal of the spacecraft and thrust-
axis fixture from the adapter plate, the
vibration machine head was rotated 90 °

from its normal position and the lateral-axis
fixture was attached. The spacecraft was
placed on this fixture and secured by a Mar-
man clamp (Figure 9-5). One accelerom-
eter was cemented near the separation ring

to monitor input levels. Two other acceler-
ometers (previously cemented near the c.g.
of the spacecraft) were used as the control
accelerometers during the first phase of the
lateral vibration test.

The spacecraft was laterally vibrated as
noted in Table 9-5. The accelerometer lo-

cated at the c.g. of the spacecraft was moni-
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flight. This included temperature, vacuum,
and solar irradiation, but excluded radiation
and the effects of micrometeoroids.

Installation

The spacecraft was mounted in a thermal-
vacuum chamber on a fixture designed to

support it in a nearly vertical position, free
to rotate about its spin axis (Figure 9-6 and
9-7). A set of slip-rings were provided to
facilitate external application of dc power
to augment the solar-array output. The sat-

ellite was rotated throughout the 5-day test
at twelve rpm.

FIGURE 9-5.--Spacecraft mounted on C210 vibration

machine for lateral axis vibration test.

tored, up to and including the fundamental
structural mode frequency so that the force
measured at the c.g. did not exceed 3g peak.
This part of the test was not servo-controlled,
due to the sharp rise of c.g. acceleration as
resonance is approached. Above the first-
mode resonance, the test was continued un-

der servo control at a sweep rate of two
octaves per minute.

All spacecraft electrical subsystems nor-
mally operating during launch were com-
manded on and the performance was ob-
served. At the completion of the sinusoidal,
combustion resonance dwell, and random vi-
bration tests in the X axis, the spacecraft
was rotated 90 ° and the tests repeated for
the "Y" axis.

Solar Simulation

General

The solar simulation test was designed to

reproduce, as closely as possible, the environ-
ment expected during Phase III, i.e., orbital

Test Plan

Prior to the start of rotation, chamber
pressure was reduced from room ambient to
5 X 10-5 mm mercury or less. With the
spacecraft operating, the chamber walls were

cooled by liquid nitrogen to --175°C. Dur-
ing this period, radiant energy equivalent
to a solar intensity of 442.4 Btu per hour,
per square foot, was applied to the space-
craft from the direction corresponding to
that of the sun in space. The radiant energy
spectral distribution approximated the solar
spectrum. Orientation of the spacecraft with

respect to the "sun" was selected to provide
the most severe temperature conditions and

thermal gradients as determined by the
thermal design analysis. The spacecraft
operation duty cycle was a simulation of the
most severe operation in orbit. Solar radia-
tion conditions and test duration are shown
in Table 9-6.

TABLE 9-6.--Solar Simulalion Tesl Conditions

Condition

Maximum sunlight

orbit.

Maximum eclipse.

Solar simulation

Simulator on for maximum

time in sun at I00% of solar

intensity, off for minimum time

in eclipse.

Duration (days)

Simulator on for minimum

time in sun at 100% of solar

intensity, off for maximum

time in eclipse.

3
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m_
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J

FIGURE 9-6. Method Of mountingspac-ecraft in thermal-vacuum ch-am_er _or solar Simulation test.

Sola¢ Simulator

The solar simulator consisted of two

carbon arc lamps with optical outputs added
together. This solar simulator had the uni-

formity of field and the spectral output to
match approximately the Johnson Spectral
Curve, which is the spectral irradiance of
the sun's rays outside the atmosphere (air
mass zero). A more detailed description

of the solar simulator is presented in Chap-
ter 10.

Cdllbrat_on

An Eppley pyrheliometer, Model 50, was
suspended in the vacuum chamber, normal
to the solar energy field and in the same

plane that the front surface of the space-

craft would eventually be located. Four solar
cells were located on the rear wall of the

chamber, connected thermally to the cham-
ber wall and shielded from reflected radia-
tion. These cells were located so that the

satellite would not place them in shadow
when it was suspended in the test position.

Pressure in the vacuum chamber was re-

duced to 1 X 10 -Jmm mercury, the tempera-
ture of the walls was reduced to --ll0°C,
and the solar simulator was activated. Solar

intensity at the vehicle plane was recorded
by the pyrheliometer and also by the solar-

cell output current. The intensity recorded
by the pyrheliometer was used to calibrate
the solar-cell output current. Calibrations
were made at 0.154 watts per square centi-
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FIGURE 9-7.--Antenna end view--in preparation for solar simulation--solar panels removed.

meter, 0.140w/cm 2, and 0.126w/cm 2. Inten-
sity variation was effected by use of a light
chopper (Figure 9-8) located outside the
vacuum chamber. The calibrated solar cells

were used to monitor drifts of solar intensity
during the spacecraft tests.

Test Schedule

The solar-simulation test schedule is out-
lined in Table 9-7.

Humidity

The humidity test was designed to dupli-
cate that portion of the Phase I-expected en-
vironment, and to determine if a "drying"

period was necessary to re-establish proper
operation. The non-operating spacecraft was

placed in the 14'X 14'X 17' Tenney cham-
ber (Figure 9-2) and subjected to a chamber
temperature of _-30°C, and relative humidity
of 95 percent ±5 percent for 24 hours. At
the end of the 24-hour period, the spacecraft
was operated under these conditions for one
duty cycle and the performance of all sub-
systems was verified.

Thermal Gradient

General

The thermal-gradient test duplicated tem-
perature and vacuum conditions expected
during Phase III. Chamber heat sinks were
adjusted to simulate the thermal gradients
expected within the spacecraft in a non-
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operative state during:orb-ital flight (Figure

9"9). Influences of direct sunlight, absorp-
tivity, emissivity, and attitude were consid-
ered in establishing these temperatures.

Facil;ty

The thermal-gradienttestwas performed

in the large thermal-vacuum chamber with

inner dimensions of 26 feet (diameter) by

20 feet(height).The entrancedoor is7 feet

in diameter (Figure 9-10) and a removable

top cover,24 feet in diameter,allowsentry

of largetestvehicles.

The vacuum system iscapableof establish-

ing a pressure of 5)<10-_ mm mercury in

Jessthan 24 hours. The pumping system is

FmURE 9-8.--Chopper installed between lamps and thermal vacuum chamber t o control light density.

composed of two 375-cubic-feet-per-minute

roughing pumps, two 5000 cfm blower
pumps, and sixteen oil diffusion pumps hav-
ing combined capability of 300,000 liters per
second. The minimum pressure obtainable

with these pumps is 5 X 10-_ mm mercury,
whereas the walls are designed to support
internal pressures as low as 1 X 10 -9 mm

mercury.
The thermal system is composed of six

separate heating and cooling copper-tube heat
sinks. Four of these sinks divide the walls

into quadrants and the other two are on top
and bottom of the chamber. Using brine
coolant, the temperature can range from

+275°F to --125°F; with liquid nitrogen,
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TABLE 9-7.--Solar Simulation Test Schedule

Maximum Temperature Test--72 hours
Solar Input =.154 W/cm _ on continuously

Orbit Operation Total time

First day

1

2

3

4-7

8

Second day

I

2

3

4-7

8

Third day

1
2

3

4-7

Continuous mode .......................

Wldeband No. 1.36 min. on, 127 nfin. off

Wideband No. 2, 36 rain. on, 127 rain. off

Wideband No. 1, 14 rain. on.

Wideband No. 2, 14 rain. on .............

Continuous mode 163 min. each orbit .....

Continuous mode* ......................

24 hx

Continuous mode .......................

Wideband No. 1, 36 min. on, 127 rain. off

Wideband No. 1, 36 min. on, 127 min. off

Wideband No. 1, 28 rain. on, 135 mira off

Radiation mode 163 min. each orbit ......

Radiation mode* .......................

24 hx

Radiation mode ........................

_qdeband No. 2, 36 min. on, 127 min. off

Wideband No. 2, 36 min. on, 127 min. off

Wideband ?fro. 2, 28 min. on, 135 min. off

Continuous mode 163 min. each orbit .....

136 rain.

163 min.

163 rain.

163 min.

652 rain.

163 min.

=1440min.

136 min.

163 rain.

163 rain.

163 rain.

652 rain.

163 rain.

= 1440min

136 rain.

163 rain.

163 min.

163 rain.

652 rain.

24 hr _1440min.

Minimum temperaturc test--48 hours
Solar Input each orbit: 15 min. on, 40 min. off, 108
min. on; equal to .126 watt/cm 2.

Fourth day

1-4

5

6

7

8

Fifth day

1

2-5

6

7

8

9

Continuous mode, solar input off 24 min.;

on 108 rain ...........................

Continuous mode, 163 rain. each orbit ....

Wideband No. 1, 36 min. on, 127 mill. off

Wideband No. 1, 36 min. on, 127 min. off

Wideband No. 1,135 rain. off, 28 rain. on

Radiation mode* .......................

24 ht

Radiation mode ........................

Radiation mode, 163 min. each orbit ......

Wideband No. 2, 36 rain. on, I27 rain. off

Wideband No. 2, 36 rain. on, I27 rain. off

Wideband No. 2, 135 rain. off, 28 rain. on

Continuous mode; solar input 15 min. on,

40 rain off, 81 rain. on .................

24 hr

I36 min.

652 min.

163 min.

163 rain.

163 min.

163 rain.

= 1440 rain.

163 min.

652 min.

163 min.

163 rain.

163 rain.

136 rain.

=1440min.

*Necessary adjustments for the next 24 hr. period (such as cleaning
mirrors) were made during 8th orbit. Adjustments for fourtb and fiftb
days were made during solar simulator "off" periods.

FIGURE 9-9.--Spacecraft installed in the thermal-
vacuum chamber for the thermal gradient test.

the lower temperature limit can be dropped
to --280°F. The heat capacity is 141,000 Btu
per hour at --100°F.

FIGURE 9-10.--View of spacecraft mounted for ther-

mal gradient test.
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TestPlan l cC per hour.

: The spacecraft was exercised under the Spacecraft temperatures were monitored
............. in all critical areas and duplicate sensorsconditions listed in Table 9-8.

The test commenced when the Spacecraf_ _ wer_ added to provide and verify calibration

temperature was Stabilized at the designated Of the telemetry temperature channels.

temperature with a rate of change less than

TABLE 9-8.--Thermal-Gradient Test Conditions

Condition

Cold soak ...........................

_Iinimum temperature _-ith equipment

operating on a duty cycle with low

charging rate on the batteries ........

.Maximum temperature with equipment

operating on a duty cycle with high

charging rate on batteries ...........

Sunlight Duratio_n (days)

75% i

75% 2

10o% 3

Acceleration (Steady State)

This test was designed to simulate the
axial and side load accelerations expected

during Phase II, the launch phase. (See Fig-
ures 9-11 and 9-12). The tests were con-

ducted separately along each of three
coordinate axes and measured at the center-

of-gravity. The centrifuge selected for this

test was large enough to prevent the g-

gradient along the thrust axis from exceed-

ing _I5% at the forward end, -t-10% at

_ :-___-- _ :_-.

FmURE 9'11. :SPacecraft mounted on centrifuge for thrust axis acceleration test.

: : A
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FIGURE 9-12.--Spacecraft mounted on centrifuge for lateral axis acceleration test.

the aft end, and +10% in the transverse made for later analysis in the event of diffi-
direction measured at the e.g. The eentri- culty. The paper tape recording was made

fuge accelerated the spacecraft for a period to check _he frequ_nc$ stabilit _ Of the second
of three minufes:h_9._-g in the thrust transmitter during simulated launch.
direction and for periods of one minute at
29.2 g in each of four transverse directions
(±X, ±Y).

During the test, two telemetry transmit-
ters and two receivers were used. One of

the transmitters was modulated by the space-

ACCEPTANCE TESTS

to

General _ : =-

The flight model spacecraft were subjected

only the, first_ four =envir6fimental tests
craft encoder, and the output from the asso- previously described, but with lower Stress
ciated receiver was recorded on magnetic _|imi-t-s_:: ................ _ ............... =:: =_ ....
tape. The second transmitter was not modu-

lated, but the frequency of the receiver sp_,

phase-lock oscillator (associated with the The spin rate was 165 rpm for acceptance
second transmitter) was recorded on paper tests; spacecraft operation was the same as
tape. The magnetic tape recording was in qualification tests.

i •

I
t
i

|

I
!
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TAttLE 9-9.--Vibration Acceptance Test Inputs

Vibration ] Frequency Test dura- T] Acceleration g,

axis [ range, cps tion, rain. 1 0-to-peak

Sinusoidal

205

iThrust (Z-Z)

l.,'tteral (X X)

(Y-r)

20-50

50-500

500-2000

20-50

50-500

500-2O00

0.32

0.83

0.50

0.32

0.83

0.50

1.5

7.0

14.0

0.6

1.4

2.8

J;Z :.::
Thrust (Z Z)

Lateral (X-X)

(Y-Y)

Combustion resonance dwell

550 650

550-650

15

t5

57, or fflax

avail, fronn C2lfl

machinc, which-

ever is less

Random (PSD level =0.03 g2/cps)

Thrust (Z-Z)

Lateral (X-X)

(Y-Y)

20-2O00

10O-2000

7.7

7.7

Z: =

Temperafure

The tests were run at temperatures of
+5°C and -F25°C.

Vibration

The vibration tests consisted of the inputs
listed in Table 9-9.

Solar Simulation

Solar simulation was performed with a

: _: : 5 i

solar input of 0.140 watts per square centi-
meter with the same schedule as in the

qualification tests (see Table 9-7).

AUTHORS. This chapter was written by
W. SCHREINER, R. NEWMAN, M. GITTLER,

and S. RUMMEL of the Radio Corporation of
America, Princeton, New Jersey, U.S.A. un-
der contract NAS 5-1272 with NASA/God-

dard Space Flight Center.
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Ground Support Equipment

INTRODUCTION

The ground support equipment for Project

Relay consisted of spacecraft checkout equip-

ment, environmental simulation facilities,

and handling fixtures. Spacecraft checkout

equipment was subdivided into four groups.

The system groups were:

1. Microwave repeater
2. Telemetry
3. Command

4. General support equipment.
Environmental simulation equipment to be

described includes the solar simulator, de-

signed and built by the spacecraft contractor.

Other equipment used for environmental

simulation were commercially built vibration

machines, thermal-vacuum test chambers,

etc., previously described.

The ground support handling fixtures

constitute the mechanical equipment de-

signed to lift, hold, support, and protect the

spacecraft reliably and safely.

SPACECRAFT CHECKOUT EQUIPMENT

General

The spacecraft checkout equipment was
assembled from standard electronic test

equipment and installed in either a 32-foot
semi-trailer van or within the cont_ractor's

spacecraft laboratory, RCA-AED, Princeton,
N.J.

The van was supplied by NASA/GSFC.

Table 10-1 lists data regarding the van:

Chapter zo

TABLE 10--1. GSE Van Data

Nameplate data :

Freuhauf Model $SVV 532, S/N FW 113084

Gross weight: 35,000 pounds

Capacity: 24,000 pounds

Manufactured: 15 October 1956

Dimensions

Height:
Width:

Length :

Outside

14fi inches

96 inches (max.)

384 inches

Inside

86 inches (80 inches clear of ducts_

87 inches

370 inches (331.5 inches clear of

air conditioner)

The van exterior Surfaces were made of

spot-welded stainless steel panels. The wall
cross-section included three inches of glass-

wool insulation with an aluminum-foil vapor
barrier and an internal facing of 1/_-inch

plywood. The floor consisted of ll/2-inch ply-

wood, plus three inches of insulation. The
work surface of the floor was asphalt tile.

The rear doors were mounted on offset

hinges to give access to the full inside width

(87 inches). The personnel door was on the
curb side of the forward half and measured

38.5 inches wide by 7 feet high.
The van air conditioner had a rated cool-

ing capacity of 7 tons. Cooling air was
carried through two ducts on the ceiling;

one discharging over the personnel area and

the other along the equipment area.

A pair of plug-in heaters were installed to

provide for personnel comfort during inclem-
ent weather.

207
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Input power consisted of two independent
208 v, 3 phase, 60 cycle services; one for the
air conditioner and the other for remaining

equipment.
The trailer contained eight racks of equip-

ment and four work benches. (See Figures

10-1, 10-2, and 10-3.)

SPACE FOR

TAPE REC OR_C C

AN

PULSE

SYNCHRONIZE

POWER

SUPPLY]

UTILITY

pANEL

OEI TELEMETRY BAR CHART 8-CHANNEL ANALOG

RECEIVER DISPI.AY RECORDER

I SEt_:T"k_::.i U
I _MPE_T?_=.L---JII

_COG.,'.O._j....; : '"'INi,../........I D,Q'ALwo._

,o.,,o,...,,. . ,,GTALRECOEDER)I__ ;',.I_; ) :
Nit.'-):_ :i,'. lI BINAEYTO

I II_IW_ _1tl _ _1111__ • UTlU=

\ \
BLOWER BLOWER BLOWER

PANEL PANEL PANEL

FIGURE10-l.--Telemetry ground checkout equipment.

CIRCUIT 5_[AKEE ._3qO

TRANSMITTER ANTENNA PANEL

SI f ?]" /L _ODULATO_

VIDEO FILTER _IODE) _. I i_• *_",I_: I _ TRANSMITTER

RECEI'/ER- LO/MJX_R k POWER SUPPtY

IF PEEAMPLIFI

ASSembleS

FIGURE10-2.--Wideband microwave transmitter and
receiver racks.

MICROWAVE REPEATERCHECKOUT
EQUIPMENT

The microwave repeater checkout pro-
vided for transmission and reception of video
test signals (stairstep, stairstep with super-

imposed signal, multiburst, white window,

FIGURE 10-3.--Command, video, and general test
equipment racks.

and audio test signals (0 to 20-kc sine

waves). These signals provided means for
determining differential phase, differential
gain, and low and high frequency charac-
teristics.

Equipment required for transmitting test
signals to the microwave repeater comprises
the following :

• Swept-frequency oscillator (GR type
1300 AR)

• Video-test-signal generator (Telechrome
1003-D1)

• Group delay transmitter (RCA MI-
24365B)

• MM-600 transmitter (see Figures 10-4,

10-5, and 10-6)
• Antenna (lab built 1.7-KMC horn).

Reception of microwave signals from the
spacecraft repeater was accomplished with
the following equipment:

• Antenna

• MM-600 receiver (see Figures 10-7,
through 10-12)

• Video-test-signal receiver (Telechrome

1004B)
• Group delay receiver (RCA MI-

24366A)

• Oscilloscope
• Waveform analyzer (HP Model

302AR).
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-_ND

I
I

AUDIO

J:3

I
I
f
1
I
I
L_

DIPLEXER MODULATOR

TSD - 3A

PRE- J PRE-
AMPLIFIER AMPLIFIER

(TRIODE) (PENTODE)
V-IA 6U8 V-IB

6.3 VAC

POWER SUPPLY

V-7 5Y3

I REGULATOR
V-B 0A2

I

I ISOLATION

LIMITER

AMPLIFIER

(TRIODE)

V-4A I/2 6U8

AFC l

AMPLIFIER J

(PENTODE) h

v-4BiI2 6u8/

__ REACTANCE

MODULATOR

V-2 6CL6

OSCILLATOR I

(TRIODE)

V-3A __J

-_/2 6u8 1

__ AFC J

DISCRIMI-

V_5 NATOaRALS J

PHASE-SHIFT _._

AMPLIFIER

(PENTODE)

V-3B 1/2 6U8

METER 1

AMPLIFIERI-_(\ I VU
vo  Auol  METER

4.5 Mc

NOTCH

FILTER

COMBINED
PROGRAM TO

MODULATOR
/ OUT

I/S-' "BI_NSEpBA'ND

'\\

J (VIDEO & AUDIO)

L___ PROIGNRAM

J-2

_'-FILTER
OUT

J-lO

(VIDEO)

FILTER

IN

J-11

" Telemetry Checkout Equipment

_enera_

Reception of telemetry data from the
spacecraft was accomplished with the follow-
ing equipment:

• Antenna (Taco yagi, 148 Mc)
• Receiver (DEI see Figure 10-13)
i Decommutator (DSC see Figure 10-

14)

• Oscilloscope
• Magnetic tape recorder (Ampex FR-

]loo).
Much of the Relay testing concerned itself

either directly or indirectly with the reduc-
tion of telemetry data. This was necessary
to test the satellite encoder and other sub-

systems. Because of this need, a relatively
complete telemetry decommutation station
was purchased. Since simultaneous readout
of all 128 telemetry channels was not needed,

FmVaE 10-4. Transmitter sound diplexer-mod_-sectlon, block diagram.
.... -_ -I___:_A_ -T '-'_-_-_

a- co-ffi-p)5/T[ise against an overwhelming vol-

ume of equipment was reached by providing
for reduction of any eight words in analog

form and any three in printed binary format.
Alternately, any one word is available in

decimal equivalent along with any other ad-
ditional word in binary form. This last ar-
rangement has been exploited by reducing

channel 28 (a word subcommutated 64 times)
in decimal printout, along with its binary
identification (word 16).

The units of the telemetry decommuta-
tion station (see Figure 10-14) included a

sensitive, 136-Mc, phase lock, PM receiver

(DEI) ; a seven-track, magnetic-tape recorder
(Ampex-used exclusively in the direct re-
cording mode); a signal simulator (test

generator); a pulse synchronizer; a word
sync and recognition unit; an analog word
selector; a digital word selector; a binary-
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FEEDBACK LOOP

,.T" I :7.,_ # 6Flit

' TiLT
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FICUR_ 10-7.--Receiver local oscillator-mixer section, block diagram.
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FmURB 10-8. Receiver IF preamplifier section, block diagram.

to-decimal converter; an eight-channel, San-
born, strip-chart recorder (for the analog
word seIection)-; and an HP digital recorder
(printer). The last two items are standard
laboratory items and will not be discussed
further.

An I.T.T. 1735D bar oscilloscope was also
part of the installation. It had limited use,

hut did display all 128 channels (in two
64-word sections). The display frame rate

(one per second) was to rapid and made
reading too difficult. It did, however, prove

useful in displaying the output of the radia-
tion experiment solar cells mounted on the
radiation damage panel.

Pulse Synchronizer

The synchronizer was not one of the logic
boxes of the decommutation gear but it per-
formed the important task of reconstructing

n IF OUTPUT"

'_ Id2

a clean telemetry signal and a true clock
pulse, in spite of considerable digital noise.
The technique employed was i;hat of inte-
grating a dc restored signal (dc level is auto-

matically adjusted to provide equal positive
and negative peaks) for controlled periods
obtained from the reconstructed clock. This

"smoothing bit detector" effectively proved
itself for use with magnetically recorded sig-
nals. After integration, the signal was

limited and fed to a Schmitt trigger squaring
circuit. This reconstructed output was used
as the signal for the words sync and recog-
nition unit.

The synchronizer performed an additional
function: signals in any acceptable form
(NRZ, MNRZ, split phase, or RZ) were con-
verted into the return-to-zero(RZ) format

for use by the subsequent decommutator
logic.

|
t

i
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FIGURE 10-]3.--Telemetry receiver block diagram.
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FIGURE 10-14.__Telemetry ground checkout equip-

merit.

Test Generator

The decommutation equipment was rela-
tively complicated and therefore some form
of testing, independent of all (possibly
faulty) input signals, was necessary. The
test generator could provide a substitute

signal for direct use with the pulse syn-
chronizer. The latter unit could be bypassed,

and the proper signal derived directly from

the generator for use with the word recog-
nition unit. Thus, the need for converting
the normal word format (split phase) into
RZ signals used by the rest of the decommu-
ration equipment is avoided.

The test generator provided signals in

four different forms: RZ, NRZ, MNRZ
(polarity changes only on the appearance of
a one), and split phase. The latter format
was used by the satellite encoder. As im-

plied above, however, this type of code was
converted by the pulse synchronizer unit into
the RZ form for use of the word recognition
unit.

A stable, adjustable multivibrator pro-
vided the substitute clock pulse (1152 cps
nominal bit rate) simulating the encoder.

The clock pulse signal was divided by nine
(four flip-flops with feedback) to provide a
word rate timing signal. This signal drove
a single-shot multivibrator that provided a

two-_sec, word pulse. The word rate was
divided further by 128, using the last five of
a set of seven flip-flops. This provided a
frame rate signal with duty cycle of 4/128

to obtain any three chosen words.
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The first two flip-flops of the divide-by-
_8 network were combined in three sets of

hal-gates to provide three separate signals,
ll with 25 percent duty cycles, four words

¢ide. Each was shifted 1/.._of the four-word
.pacing to supply three separate lines (gated
)y the frame rate pulse) for the first three
_ync_vords. A fourth data line-provided a
data •drive of 124 two-_sec word pulses.

Nine sets of or-gates fed the data bits
in parallel into a nine-position shift register
.(driven by the clock). The polarity of each
bit could be selected by a panel-mounted
toggle switch.

The shift register could be arranged in

sequence for each chosen word (including
the chosen sync, three-word format) and

gated into two serial line outputs by the
drive from the clock.

The sync format was arranged by choosing
a ground or a hot line for each of three-

independently-driven lines for each of the
nine or-gates feeding the register. There was
no interference between the lines since they
were driven sequentially.

The serial output of the register was in
MNRZ form. It was combined with the clock
signals to provide the split phase format,

• simulating the satellite signal.

Word $ync and Recagaitlon Unit " .......

It was the function of this unit to recog-
nize the 27-bit sync word format. It counted
words and presented a word identification
signal to the word selection units and stored
the nine-bit word data for use in the later
units.

The serial signal from the pulse syn-
chronizer (or the test generator) was fed
into a nine-bit shift register for parallel
readout. Therefore, the output of this unit
was data stored in a 9-bit register, and a

means of identifying which telemetry word
was in that register.

Analog Ward Selecfor

This unit allowed the operator to select
any eight (of the 128) words for presenta-
tion as analog signals on the Sanborn strip
charts.

Eight sets of thumbwheels constitute eight
gates for choosing words identified in the
word recognition unit. When this choice was
satisfied logically for any word, the stored
data in the recognition unit was transferred
to one of eight, 9-bit registers in the analog
word selector. The data was held and reset

during a word sync pulse each frame.
A conventional D/A diode converter con-

verted the outputs of eight flip-flops to dc
signals for use by the strip-chart recorder.
This unit also supplied the necessary blank-
ing, sync, and deflection signals for the
I.T.T. bar scope display.

Digital Word Selector

This unit allowed the operator to select
any three of the 128 telemetry words for
presentation on the Hewlett Packard printer
as in binary format. Alternately, any one

word could be printed in decimal form along
with any one word in binary.

In a manner similar to that used for the

analog word selector, any three words could
be stored in registers which were transferred
from the word recognition unit for printout
purposes, when the selected word code
agreed with the word identification presented
by the latter unit,

Lamp drivers were fed from the three-
word registers to provide a visual signal of

the register contents.
The output of the three-word register di-

rectly fed the HP printer via appropriate
gates.

Binary Decimal Converter

The purpose of this unit was to convert
the binary code of the third word, selected
in the previously discussed unit, into its
decimal equivalent. A word ready signal,
from the digital word selector, gated a 50
kc multivibrator into a counter and three

conventional binary-to-decimal converters.
The counter accumulated a binary code until
it matched the stored code transferred from

the digital selector's register. A gate word
number 3 decimal signal, from the selector,
gated the stored decimal code into the

printer.
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Command Checkout Equipment

Generation and transmission of commands

to the spacecraft were accomplished with the
following equipment :

1. Command encoder (see Figure 10-15)
2. Command transmitter (COMCO Type

278-6/12 TEF 101)
3. Antenna (Taco Yagi, 136 Mc).

supplied to gates, which in turn were driven
by the output of a 6 X 6 diode code matrix. A

code command switch selected any one of the
20 command codes. The output of the code
gates were mixed, and their sum was used

to gate the output (subcarrier) amplifier.
After five words were transmitted, the am-
plifier was gated off (blanked) until the en-
coder was keyed again.

BLANK

I

iNPUT OUTPUT

FIGURE 10-15.--Command encoder, logic block dia-

gram.

The especially designed encoder provided
a pulse modulated, 5.45-kc subcarrier to the

spacecraft's command system. A simple
PDM code provided 20 commands, any one
of which could be selected from the front

panel of the equipment. A panel-mounted
key sent a train of five words to the VHF
AM command transmitter for radiation to

the spacecraft.
The requirements of 18 cycles of tone for

a ZERO, 36 cycles for a ONE, and 54 cycles
for a SYNC were met by utilizing the tone
generator output as the timer for the keying
circuit. The logic diagram is shown in Fig-
ure 10-15.

The 5.451-kc tone was divided by 36 to
yield a square-wave with a 6-millisecond

period, and divided again by two to yield a
square-wave with a 12-millisecond period
(a ONE signal). The logic sum of these
signals formed a sync signal, and the logical

product formed a ZERO. These three parts
of the required code along with a blank were

General Support Equipment

The following items were required in sup-
port of general testing:

1. Oscilloscope (Tektronix model RM 35)
2. Waveform analyzer (HP model 302

AR)

3. Miscellaneous attenuators, detectors,
isolators

4. VTVM

5. AC voltmeters (Ballentine 314A).

Solar Simulator

General

Simulation of the sun's effects on the

spacecraft required an ultra high intensity
light source. However, in order to simulate
the sun properly, both the sun's intensity
and spectral distribution must be reproduced
faithfully.

The solar simulator utilizes carbon arc

lamps, and will irradiate a 36-inch diameter

circle through a 10-inch diameter port at
distances ranging from 80 to 100 inches. It

duplicates, within _+10 percent, the incident
solar energy flux as it appears above the

earth's atmosphere. Its spectral energy dis-
tribution closely approximates that of the

sun (see Figure 10-16).

Description

The radiant energy source for the solar
simulator was derived from two 13.6 mm

high-intensity carbon arc lamps, operated

at 77 volts and 160 amperes. These lamps
could operate for one hour before the carbon

electrodes had to be changed and the change
could be made in less than one minute. One

lamp could supply sufficient energy to simu-
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FIGURE 10-16.--Spectral energy distribution of 13.6

mm high intensity carbon arc vs. solar spectrum.

late the sun's intensity as it appears at the
earth. However, the optical system to col-
lect this energy and distribute it uniformly
over the target area was subject to blocking

by a support pedestal of the electrode feed
mechanism. This resulted in the shadow of

the pedestal being projected onto the target.
To eliminate the shadow, two lamps were
used. The projected halves were mated on
the target to provide a field of uniform in-
cident energy. The solar simulator configura-
tion is shown in Figure 10-17. A removable

shield was employed in each lamp-house to
block-off energy. Removal of these shields
would enable the simulator to supply twice

the solar intensity to most of the target
area.

_ SOLAR 51MUL ATOR

(LAMP HOUSE]

VACUUM CHAMBER

...... )

PAYkOAO_

SOLAR SIMULATOR

]LAMP HOUS_

FIGURE 10-17.--Solar simulator configuration.

Rays emanating from the lamp passed

through a quartz window and diverged to
cover the 36-inch diameter target. This re-
sulted in deviation of the outer rays from the

normal to the target plane of 8_//2 degrees at
the outer edge of the target. This deviation
resulted in a maximum error of the energy

impingement of 11/2 percent on a flat surface
in the target plane. If the surface were con-
vex, the error could be greater. However,
the error due to this deviation decreased at

points nearer the center of the target.

The projection system for each lamp was
composed of a three-element reflector and a

diagonal mirror to fold the light path so as
to combine the rays from the two arc lamps.
Each element of the reflector focused en-

ergy from the carbon arc onto a portion of
the target to provide the required uniform
distribution of incident energy (see Figures
10-18 and 10-19). All reflectors were vacu-
um plated with aluminum for high reflection
and were overlaid with a coating of silicon
monoxide to minimize oxidation and abrasive

effects from service.

The arc lamps were mounted on a rigid
frame that included all of the operating
controls and had retractable casters.

Incident energy flux of the solar simu-
lator's beam at the target was initially con-

trolled by proper adjustment and alignment
of the three-element reflector. With use, the

energy flux decreased by approximately five
percent in 24 hours due to degradation of
the reflectors as a result of smoke and spur-
tering of the arc, and adjustments were made
accordingly.

Entry Port

The entry port for the solar radiation
simulator was constructed of fused quartz,

GE type 105. Figure 10-20 shows the trans-
mission curves of several optical materials,

including the type used.

Power Supply

The solar simulators were designed to op-

erate from a three-phase, 60-cycle, 440-volt,
50-ampere power source. Additional utilities
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tical materials.

FZCURE 10-19,--Two source energy distribution of

solar simulator on a 36-inch target.

required for the solar simulators were: 115-
" volt single-phase 60-cycle power, water, 90-

psi air, and an air exhaust system. The
additional utilities are shown in Figure
10-21.

System Layout

The solar simulator assembly was designed

to operate in conjunction with a 6-foot di-

ameter X 10-foot long, vacuum chamber. The
installation arrangement is shown in Fig-

ure 10-22. The operational position of the
simulator is drawn in solid lines. The tem-

porary (alignment) position is shown by
dotted lines. These two arrangements afford
the maximum safety.

Output Measurements

The incident energy output of the solar
simulator was measured with a ten-junction
pyrheliometer manufactured by Epply Labo-
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ratory, Inc. This instrument and a portable
millivoltmeter were used for calibrating the
solar simulator. They were mounted on a

special support fixture in the target area and
the fixture was controlled remotely by cables.

The pyrheliometer was mounted on a hor-

izontally and vertically translating slide so

that it could be moved to any point in the
target plane. The reverse side of the test

target was graduated in 2-inch squares. The
slide was moved from point to point to posi-
tion the pyrheliometer in the solar simu-
lator's beam while it was operating. The

test target thus protected the operator from
exposure to the intense radiation of the solar

simulator. The test target also provided a
means for accurately recording the solar
simulator's light output and facilitates ad-
justment and calibration.

Design Considerations

A simu_h_"_-at_Iy ::simulated the

sun's effects was developed, utilizing existing

t---
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FIGURE 10-22._Solar simulator test installation.
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state-of-the-art concepts because it was felt

that this would fulfill requirements with
minimum expenditure and delay. General
design concepts were studied and a prelim-
inary reflector drawing was made.

Ray traces were drawn to check for possi-
ble problems. A wooden mock-up of the

3-element reflector, shown in Figure 10-23,
was also constructed to check for interfer-

ences within the lamp housing. Figure
10-24 shows the wooden reflector mounted

in the lamp housing.

The lamp housing ductwork was investi-

gated to evaluate accommodation for ray
passage and support of the new reflector.
The reflector support inside the lamp hous-
ing was redesigned to accept the new three-
element reflector shown in Figure 10-25.

!

FIGURE 10-23.--Wooden mockup of solar simulator

reflector.

FIGURE 10-24.--Reflector mockup mounted in lamp

housing.

FIGURE 10-25.--Solar simulator reflector.

A test assembly to align the optical sys-
tem was designed also. The test assembly
eliminated the need for striking an arc and
then shutting down for slight reflector ad-
justments. Thus, the field pattern could be
adjusted safely by the operator. The sche-

matic description of the alignment assembly
is shown in Figure 10-26.

The lamp housing was modified to provide
both cooling for the reflector and air wash-
ing of the reflection surfaces. The latter was

to prevent the formation of carbon deposits
on the surface.

In addition, extreme care was taken to
provide maximum protection for the oper-
ator and others who might be in the area.

Operators were required to wear shade No.
14 welders goggles and protective skin
cream. Interlocks were provided on all ac-
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FIcu_E 10-26.--Reflector a]igfiment fixture.

cess doors to the lamp house. Baffles were

used around the exit light port to minimize

stray light reflection. The operating area

was enclosed in order to keep unauthorized
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gram for the lamp house is shown in Figure

10-28. Power supplies for the source were

selenium rectifiers which required 440-volt,

60-cycle, 3-phase input. The schematic dia-

gram for the rectifier is shown in Figure

10-29.

A system control panel was supplied with

each lamp. It provided for proper sequenc-

ing of switching, and ensured that the

housing received proper cooling when in

operation. The schematic diagram of the

control panel is shown in Figure 10-30.

HANDLING PROCEDURES AND FIXTURES

General

The handling procedures and fixtures used

on Project Relay were governed not only by
the normal considerations for reliability,

safety, and ease of implementation, but also

by the configuration of the spacecraft whose

lifting, holding, or supporting points were
limited.

In the flight configuration, the upper and
personnel out of the area.

The lamp housing was a standard projec-

tion source supplied by Strong Electric Co.

A proper arc was maintained be_ween_two

carbon rods by means of a drive servo that

sensed the arc temperature via a lens::sYstem

and actuated by a bimetallic thermai re_ay::in -

turn the relay actuated the ro(l::clr_ve_mo*fors

as shown in Figure 10-27. The:W_ring dia-
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FmuaE 10-27.--Lens servo arc temperature sensing

system.

lower ends of the volume enclosed by the

solar panels were sealed by segments of the

coated mylar thermal enclosure (see Figure
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FICORF_ 10-28.--Lens servo arc temperature sensing

system, schematic diagram.
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FIGURE 10-29.--Carbon arc power supply schematic

diagram.
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FIGURE 10-30.--Ultra-high intensity lamp system,

schematic diagram.

10-31). All that protruded from this main

section was the separation ring at the bot-

tom, which mated the third stage of the

launch vehicle, and the wideband antenna at

the top.

FIGURE 10-31.--Relay spacecraft.
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It was decided to provide some attachment
point near the top of the spacecraft, to pro-
vide stability in handling and also to free

the separation ring for use as a rigid clamp-
ing surface. Since the tops of the solar
panels were almost 9 inches above the top
of the structure, providing attachment points
from the structure would require brackets to

span 9 inches, and would impose an undesir-

able weight penalty if made permanent. It
was decided therefore to incorporate an at=
tachment point on the wideband antenna

which took the form of a lip, 1/_ inch wide
and 1/_ inch high, machined into the main
tubular section of the antenna, above the
plane of the top of the panels_ The antenna
was mounted directly to the main spacecraft
structure.

Vertical Lifting Fixture

The mating, vertical lifting fixture (see

Figure 10-32) consisted of a clamp, hinged
to fit around the antenna, with a machined
groove to accept the antenna lip. The clamp

was held closed by a self-locking pin. A steel
strap, suitably contoured to CIear the Upper
part of the antenna was bolted to and formed

part of the clamp assembly, and was-fitted
with a U-bolt large enough for crane hooks.

SECTION A-A

FIGURE 10-32. Vertical lifting fixture.

. _- ___--__--_

..... =--_ __

Work Stand

The basic fixture for assembly and in-plant

transportation was the work stand (see Fig-
ure 1033). This consisted of a welded
angle iron tripod, fitted with locking casters
and included a hinged mounting plate to
allow tilting the spacecraft to 90 ° from the
vertical. A machined ring, simulating the
third stage attach fitting, was bolted to this

stand. The spacecraft was fastened to the
stand by a Marman-type clamp similar to

the clamp used on the launch vehicle.

Horizontal Lifting Fixture

The horizontal lifting fixture (see Figure

10-34) was an aluminum channel with ex-
tended supports for engaging the separation
ring and the antenna when the spacecraft
was in horizontal position. To use this fix-

ture; 1) the spacecraft was tilted on the
work stand with its spin axis horizontal, 2)
the lifting fixture was attached, and all slack

was taken up by a portable hydraulic crane,
3) the spacecraft was released from the work
stand. This procedure was required for

mounting the spacecraft in the horizontal
balance machine.

Bird Cage

The bird cage (see Figure 10-35) was a
frame consisting of three 1-shaped aluminum
bars (the short legs of which were fastened
to the spacecraft mounting ring through an

adapter) and two triangular rings which
fastened to and supported the vertical legs.

This frame permitted handling the space-
craft while it was fastened only at the sepa-
ration ring. The spacecraft could be turned
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FIGURE 10-33,--Relay spacecraft on work stand.

upside down, as required for the micro-bal-

ancing machine; or it could be supported
horizontally with access to the bottom of the

separation ring, (as used in the moment of
inertia measurement); or it could be used
as a carrier.

Shipping Container

The design of the shipping container was
a departure from the standard type of pro-
tective enclosure. Without compromising

the basic protective function of the container,
it was decided to incorporate some features

which would facilitate its use (see Figure
10-36). Thus, the container material se-
lected was aluminum, and standard toggle
latches were employed instead of bolt and
nut closure of the two sections. Also a split
sliding clamp was employed to hold the space-
craft. A ring, designed to mate with the
spacecraft separation ring, was bolted to

the suspension frame of the container, and
the split clamp arranged to hold this ring
and the separation ring of the spacecraft
together. Toggle latches were used to lock
the two halves of the clamp together. A
shackle mounted to a T-bar spanning the

top of the container provided a lifting point,

I!
[| I

I

I
1
t_

FIGURE 10-34.--Horizontal lifting fixture.

I
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J
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FIGURE 10-35. Spacecraft model mounted in "bird

cage".

thus eliminating the need for removable
slings and also reducing the headroom re-
quired to lift the top section of the container
clear of the spacecraft.

The entire shipping container weighed
less than 250 lb and it was possible to install
or remove the spacecraft, without the use of
any tools, in a very short time.

The prototype shipping container was
subjected to rough handling tests prior to

use. These tests included the edgewise-drop
test, the pendulum-impact test, and the in-
clined-stability test. The container was
pressurized before and after the tests and

Unhooking Contaiv_r : L[illng Container

_Con_a|_ with guide b_ r _ .... Container with guide bar

....._" _: .......... _-_ : _ removed and clamp open

FIGURE 10-36.--Relay spacecraft shipping container.

found to be free of leaks. Accelerations

measured at the base of the dummy load

during the impact and drop tests did not

exceed the test criteria of 15 g in the Z-axis

direction and 10 g in the X and Y-axes.
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Systems Integration

Chapter 11

GENERAL

The systems integration effort consisted
of qualification testing of the basic design

(using the prototype spacecraft) and accept-
ance testing of workmanship (using the
flight model spacecraft). Both standard

electrical test equipment and equipment spe-

Test data was entered on data sheets pre-

pared for that specific test whenever possible.
A detailed test log was maintained suitable

for reliability review. The log contained all
pertinent test information including that
entered in the test data sheets.

All electrical performance checks were
made in a clean room, having filtered air and

r ....

!

cially constructed for the tests were used.
controlled temperature and humidity. Stand-The test equipment is listed in Table 11-1.

All environmental measurements and re-
cordings were made with instruments con-

forming to acceptable laboratory standards
of accuracy. Instrument calibrations were

established prior to testing and were checked
periodically to assure accuracy of measure-
ment.

The sequence of environmental tests was aolo,,i,g
determined primarily by the availal0]lity of Specification--

the test facilities. The general electriqai test The balancing operation
philosophy was to have an electrical per- Spacecraft was performed

ard procedures for clean-room operation
were in effect at all times during the elec-

trical performance checks.

ASSEMBLY, QUALIFICATION, AND
ACCEPTANCE TESTS

Assembly Tests

on the Relay
in accordance

formance test before and after each environ-
mental test. When both tests were scheduled

concurrently, only the more stringent test
was performed.

Before any of the environmental tests were

performed, the spacecraft was subjected to
the comprehensive operational test under
room conditions. A record was made of all

data necessary to determine compliance with
the applicable spacecraft specifications. These
recorded data provided the criteria for check-

ing satisfactory performance of the space-
craft before, during, or after environmental
tests.

with the requirements of Relay Spacecraft
Environmental Qualification Test Specifica-
tion Number R1-0101. The following were
the major requirements:

1_ Maximum C.G. offset of spacecraft
principal axis from spin axis shall be less
than 0.005 in. (amended by waiver to
0.01 in.).

2. Tilt of spacecraft principal axis with
respect to spin axis shall not exceed 0.008
radian (amended by waiver to 0.016 radian).

Horizontal Balancing Machine Description--

The horizontal (two-plane) balancing ma-

227
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TABLE l l-1,--Electrical Test Equipment

Equipment Manufacturer and type no. Equipment Manufacturer and type no.

FM signal generator ....

Directional coupler .....

Power meter ..........

Spectrum AnMyzer .....
Microwave transmitting

and receiving system.

a, Modulator ........

b. Demodulator .....

e. IF amplifier ......

d. IF pre-amp .......

e. Local ose. and

Mixer.

f. Video amplifier ....

g. Transmitter ......

Sweep generator .......

Detector ..............

Differential voltmeter..

Audio oscillator ........

Decade counter ........

Transfer oscillator ......

llybrid ...............

Oscilloscope ...........

Oscilloscope, plug in

high gain ............

Oscilloscope, plug ill

dual trace ...........

High voltage probe .....

RMS VTVM ..........

Telemetry deeommuta-

tion and display .....

Special purpose receiver

Attenuator ............

Power supply ..........

Power supply, 22.5 v ....

0-5A, de ammeter,

+0.5% .............

lfigh voltage meter .....

Filter .................

0--3 A, ammeter ........

0-1 A. ammeter ........

Variae ................

VTVM ...............

Digital VM ...........

Variable attenuator ....

Noise figure meter ......

UHF noise source ......

Carrier frequency

voltmeter ...........

Absorption wavemeter..

Group-delay transmitter

Group-delay receiver__.

Marconi TF I066B

ltewlett Packard 767D

Hew]eft Packard 431A

Panoramic SPA-4A

RCA MM600

MI 24371 B

MI 24351 C

MI 24350 C

MI 25296 A

MI 25297 A

MI 24373, AI and B1

M[ 35270 A

Alfred GA-4O8 with 605-102 plug in head,

Hewlett-Paekard 420A

J. Fluke 801

Hewlett Packard 650 A

tlewlett Packard 524B with 525A and

Regulated power supply

VHF signal generator___

Multlmetcr ............

Test pattern generator__

Test pattern receiver__.

Pre-emphasis network. _

De-emphasis network_..

Noise loading trans .....

Noise loading receiver. _

Signal generator

(2 required) .........

Signal generator

(i required) .........

Calorimetric power

bridge ..............

Power bridge ..........

Directional coupler .....

Variable attenuator ....

Variable attenuator ....

525]3 plug in units. Fixed attenuator .......

Alfred 218 BX

HP-608D

Simpson 270

Telechrome 1003 I)IA

Telechrome 1004 B

RCA laboratory model

RCA laboratory model

RCA C1-86

RCA C1-87

Hewlct t-Packard IIP614A

tIcwlett-Packard HP618A

Hewlett-Packard 434A

Hewlett-Paekard HP430C

Hcwlctt-Paekard nP 75(}A

Sanders Associates Model I

Hewlett-Packard HP355A

Polytechnic Research 1100

Hewlett Packard 540 B

Narda 3033

Tektronix 545A

Tektronix II

Tektronix CA

Tektronix, 50 X attct_

Ballantine 320

Data Control Systems

Nems-Clarke 1908

50 db, 50 ohms

HP-721A

Keps SC-32-5

l)aystrom Model 931

Seas. res, SEW7

Krohnhite Model 330M

WE 31347

grE 931

GR 17006

RCA-WV 97A

E I DV51-B

Kay Lab Model 30

HP-342A

HP-349A

Sierra 1OlC

FXR N414A; N410A
RCA MI-24365B

RCA MI-24366A

Termination load ......

Low-pass filter (5 kMc)_

Band-pass filter

(tunable) ............

llorison scanner

demodulator .........

Aluminum shroud and

windshield for

centrifuge

Test adapter plugs .....

Solar simulator ........

Heat source

(horizon scanner) ....

Plane mirror (inertia)___

Encoder ..............

Calibrated inertia

measurement bar_ __

Horizontal (two-plane)

balancing machine_ _.

Vertical balancing

machine ............

Balanelng weights ......

Spin rig ...............

Dial indicator--.001,

24-inch extension arm.

Vertical axis vibration

fixture ..............

Lateral-longitudinal axis

vibration fixture .....

Marman-type vibration

clamp ..............

Bird 81B

Microlab LA 5OT

_,ravcline 90116-5

RCA Laboratory Model

Dwg Nos. 1179665 thru 7, R('A

Laboratory Model

3 types

RCA laboratory model

RCA laboratory model

RCA laboratory mode]

RCA laboratory model

RCA laboratory model

RCA laboratory model

Micro Balancing, Inc.

RCA laboratory model

RCA laboratory model

RCA laboratory model

RCA laboratory model

RCA laboratory model

chine, designed and fabricated by RCA-
AED, consisted of two support bearings to

carry the workpiece with the spin axis hori-
zontal. The support bearings were hung by
thin steel straps in a flexure suspension
which permitted deflection in a horizontal

plane in a direction normal to the spin axis.
The workpiece was rotated, through a

universal joint, by an ac induction motor

equipped with a pulley speed reducer, at a
speed of 160 rpm.

Each support bearing was attached to the
core of a linear, variable, differential trans-
former, which, in conjunction with an exci-

tation oscillator and phase-sensitive detec-
tors, yielded a voltage proportional to the
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bearing displacement. This voltage was read
on a calibrated meter. Direction of unbalance

was indicated on a reference angle disc
:mounted on the: _rive :sh_a_t_[" iilUm_nated

by a strobe light synchronized to the_earing

deflection voltage. The system was sensitive
to 2 inch-ounces in each_bea_ing=:plane. -

Operating Principle--When the workpiece
Was turned in the supp0rtbearings, it tended
to rotate about its principal axis of inertia.
If any dynamic unbalance existed, the prin-
cipal axis did not coincide with the geometric
axis, and dynamic forces produced by rota-
tion caused displacemen_:0f the_bear[ngs.

These displacements, measured in magni-•
rude and direction, were indicated by the
machine on the calibrated voltmeter and

reference angle disc, respectively.

Vertical Balancing Machine Description---

The Vertical balancing machine (see Fig-

ure 11-1), was a special device designed and
built by Micro Baiaficing, inc., Garden City

Park, Long Island, New York. It cohsisted
of a tripod structure (carrying a rotational,
double-pendulum shaft) and a control con-
sole (housing indicators and controls). The

pendulum shaft was equipped' W_th two uni-
versal joints, located at top and bottom. The

DRIVE MOTOR SYNCHRO

ANO "i-AC HO M li_ TER

_ r_
UPPER UNtVERSAL

_ _ JOINT!

i I _.,L.z,

i --

FIGURE ] 1-l.--Vertical balancing machine.

CONSOLE

bottom joint was located just above the work-

piece mounting adapter and could be immo-
bilized to form a single pendulum shaft. A

clamp was provided to plumb-align the upper
shaft.

Transducers, which measured the eccen-
tricity of shaft •rotation, were mounted at

the lower universal joint and at a point
approximately 22 inches above it. A syncro
transmitter, rotating with the shaft, pro-
vided an angular reference signal for deter-
mining the direction of unbalance. Also a
tachometer, driven by the shaft, was mounted

on the tripod structure.
Performance specifications provided by the

builder were as follows:

a. Workpiece weight--50 to 300 pounds
b. Workpiece diameter--20 to 60 inches
c. Balancing speed--120 to 300 rpm
d. Accuracy of static balance--0.002 inch*

center of gravity to spin axis (verbal guar-
antee of 0.001 inch)

e. Accuracy of dynamic balance--0.1 de-

gree* (verbal guarantee of 0.02 degree).
Operating Principle--The static balancing

operation was performed with the lower
universal joint immobilized. The workpiece
tended to rotate about its center of gravity
with the pendulum shaft, describing a cone
locus (see Fi_ure=_ll-2). Consequently, the
lower transducer output was a sinusoid

whose amplitude was proportional to the
center of gravity's location from the geo-
metric axis, and whose frequency was pro-
portional to the speed of rotation. The phase
of the transducer output (relative to the

shaft synchro signal) was determined by
the direction of unbalance as measured from

a pre-set index point.
Dynamic balancing was performed after

static balancing. With the lower joint free,
the workpiece tended to rotate about its

principal axis of inertia, and the shaft as-
sumed some position to accommodate this
condition (see Figure 11-3). As a result,

*Balance accuracy given for workpieces weighing

50 pounds minimum and having a center of gravity
30 inches maximum from the mounting surface.
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b

FIGURE ll-2.--Action of static unbalance.

P

\
\

. \/--""Z2°I"

• : OYNAMIC UNBALANCE

(ANGULAR MISAUGNMENT)

OF PRINCIPAL AND GEOM. AX£$)

= _ ,t<<d

FIGURE ll-3.--Action of dynamic unbalance.

the upper transducer output was propor-
tional to the dynamic unbalance, as defined

by the sine of the angle between the princi-
pal and geometric axes. Signal frequency
was determined as in the static balancing
operation. Phase determination, however,
was complicated by the fact that operation
.would occur probably at a speed of rotation

not far above the resonant frequency of the
]ower'_pendulum. The phase shift, due to

this proximity to resonance, had to be deter-
mined experimentally, and readings were
adjusted to yield the proper direction of
unbalance.

Balancing Procedure--

The balancing operation was performed
in three stages: First a preliminary rough
balance of the spacecraft without solar pan-
els was made on the horizontal balance

machine; then, a rough and fine static bal-

ance on the vertical balancing machine; and
last, the fine balance on the vertical balanc-
ing machine was made.

For the horizontal machine, the equivalent
of a shaft, locked to the spacecraft and ex-
tending beyond it on both sides, was required.
An assembly fixture shaft was used for the
base end to orient structural members dur-

ing assembly. Although the wideband an-
tenna was to be used as the extension of this

shaft at the other end, possible antenna
damage was avoided by replacing the an-
tenna with a steel stub shaft. The solar

panels were left off during the rough balance

because it was inconvenient to add large
weights with the panels in place. Compen-
sating weights were added to the structure

to account for the components mounted on
two panels. Since the panels themselves
were approximately equal in weight, their
removal had a minimal effect on spacecraft
balance. Thus, the configuration balance
was considerably different from the flight

model spacecraft; however, it was adequate
for the determination and correction of large
unbalances.

With the wideband antenna and solar pan-
els removed, the adapter shaft and antenna
stub were installed, and the spacecraft trans-
ported to the balance machine on the work

handling doily and tilted to the horizontal
position. The horizontal lifting fixture was
attached, and the load picked up by a port-
able hydraulic boom, the Tubar crane. The
clamp holding the spacecraft to the dolly
was removed, and the spacecraft was care-
fully positioned on the balance machine.

The spacecraft was spun at 160 rpm dur-
ing the balancing operation. D;splacement

readings were taken at each shaft bearing
support. The upper and lower solar panel
support rings were used to mount temporary
balancing weights. A trial balance weight
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was attached to the upper panel supporffi/g - Referring to Figure 11-4, three lines (OA,
rings, and the bearing displacement readin-g_s--- OB, and OC) oflen-gth _ were drawn to a
were taken again. The- t_iaI weight was convenien{ scale representing the successive
shifted twice, 120 ° around the ring each angular positions of the test unbalance T1.

time, and displacement readi-ngs of b-oth Frorn A, B and C. arcs of radius ra, rb, and r.
bearings were taken each time. The required respectively, were drawn to the same scale.
balance weight and location was then cal- The arcs seldom intersected at a point be-
culated for the upper plane. The same pro- cause of experimental error, and the mean

cedure was followed on the lower ring to position U was_imated as shown.

B

A

r b

ra

FmUR_. ll-4.--Trial weight method for (leterm_ning

balance.

The unbalance requiring correction was
then in the direction shown as a broken

line, The magnitude of the unbalance was:
_ = -:=

2. Static and Dynamic Balance Equations

For complete static and dynamic balance
of the spacecraft, the following equations
had to be satisfied:

_'.W_ -- 0 l Static
_W_ = 0

_-_W_.- 0 t Dynamic
_W_: = 0

The dynamic and static balances with N
number of weights at locations x. y. and z.
were determined experimentally (see Figure

11-5).
With the required bahncing weights and

determine the balance correctio n w_eightsre-

quired for the lower plane. This procedure
was repeated until the residual unbalance
was less than 0.050 inch static unbalance,

and dynamic unbalance less than 0.08 radian
tilt. Using the data taken in the trial ruffs,
EWx, EWy, EWxz and EWyz were ca cicu---

lated and, using the equations in p_aragra--ph
2 below, the minimum balance weights and
their location on the cruciform was deter-

mined. The spacecraft was rechecked after
the balance weights were poured.

The spacecraft was removed from the
horizontal balancing machine, and the pane]
component eompensating weight, assembly

shaft, and adapter stub shaft were removed.
The solar panels and wideband antenna were-

installed, and the spacecraft was in the flight
configuration.

The fine balance operation was performed

on the vertical balancing machine located at
Bell Telephone Laboratories, Whippany, N.J.

1. Repea_ed Trial Weight Method of De-
termining Balance

The trial weight unbalance in the trial
weight method of determining balance was

represented by T_ (mass times radius in
ounce-inches). The four bearing deflection
magnitude readings were represented by:

u -- Amount of unbalance without trial

weight

r,, -- Amount of unbalance with trial
weight at 0

r_, -- Amount of unbalance with trial --

weight_ a t 0 + 120 ° . ........

r_ - Amount of unbalance with trial

weight at 0 ÷ 240 °.* locations to balance the spacecraft, deter-

i
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W 3 (

X
Y

FIGUREll-5.--Representation of cruciform structure
with typical arrangement of weights and orienta-
tion of axes.

mined experimentally, the
calculated :

__, W_x_ = N_
i=l

_, Wiy_ = N,z
i=1

___ W_x_z_ = N3
g--1

t=l

following were

The following equations were derived to

satisfy NI, N,, N_, and N4, with minimum
weights located on the outer channels of the

cruciform rings (see Figure 11-6).

[A] W2r2 -k w_rl -- N1 (11.1)

[B] w_r_ -t- Wlr.., = N.., (11.2)

[C] W2r_z2 + w2rizl = N3 (11.3)

[D] W1ZIr2 + Wlrlz_ = N4 (11.4)

Unknowns are W1, W2, w_ and w,. Solving
the above equations:

W 1

w 1

ZI

REFERENCE PLANE

FIGURE ll-6.--Representation of cruciform rings
with orientation of minimum weights.

[A](z,)--[C] :W2r2(zl--z2)=ZlN1--N_

(11.5)
[B](z_)--[D] :W_r2(zl--Z2)=z,N2--N4

(11.6)

Solve for W2 in equation (11.5) and W1 in

equation (11.6).

[A](z2) -- [C] :w2rl (Z2 --Z,) :Z2N,--Na

(11.7)
[B](z2)--[D] :wlr,(Z2--Z,)=Z2N_--N4

(11.8)

Proceed as above, solving for w2 in equa-
tion (11.7) and w_ inequation (11.8).

3. Balance Weight Design and Installation

A Cerre de Pasco alloy, Cerrobase, was

used for the fabrication of the large (rough)

balance weights. This alloy, having a melt-

ing point of 225°F, can be poured conven-

iently into place on the cruciform outer

channels. Existing rivet heads, mounting

screws, and mounting nuts served to key the

poured weight securely. Prior to pouring

the Cerrobase, aluminum sheet and Aboseal

were used to fabricate the weight form;

after solidification, the aluminum and Abo-

seal were removed. Figure 11-7 shows a

typical weight installation.
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__,_ TYPICAL RIVET

(U'SETENO)
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//-"_---n-_ TRIMWEIGHT

__ BRACKET

FICURE ll-7.--Typical weight installation.

Fine Balance--

The spacecraft was mounted in the ver-

tical balancing machine, and physical meas-
urements were taken by dial indicator. As

measured on the separation ring, run=out
was 0.004 inch T.I.R. and wobble was 0.0025

inch T.I.R. Indicator readings on the bal-
ance machine adapter plate showed an eccen-
tricity of 0.002 T.I.R. and a w0b61e of 0.0025
T.I.R. The vehicle was:balanced , as noted
in Operating Principle above, by first im-
mobilizing the lower joint for static balance

and then freeing it , to allow the spacecraft
to rotate about its principle axis of inertia,
for dynamic balancing. Corrective added
weights were made of Aboseal. When bal-
ancing was completed, the total number of
added weights were vectored into two trim

weights for each of the solar panel mounting
rings. The permanent trim weights con-
sisted of lead or br_ass wafers, stacked in
multiples, at 90 ° spacing on the upper and

lower solar: panel mounting rings. A total
of 616 grams of baIance weight was added
to th e spacecraft._ ..... i_

When all weigh-ts Were permanently in-
stalled, a check was made for residual un-

balance inherent within the spacecraft.
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Temporary Aboseal weights were added to
the spacecraft to introduce a known static

and dynamic unbalance. These weights were
spaced at 90 degree intervals, and in each
case the sensitivity meter of the machine
showed higher unbalance readings with the

Aboseal weights in place. This indicated that
the spacecraft was already well balanced.

Unbalance Analysis--

1. Residual Static Unbalance--Residual
unbalance tests indicate residual static un-
balance of :

9.3 gm X 13 in 11.7 gm X 9.5 in
wR -- +

454 gm/lb 454 gm/lb

wR -- .267 + .245 -- .51 lb-in

where 9.3 and 11.7 gm are Aboseal weights
temporarily added.

.51 lb-in
-- .003 in

1721b

Allowing .0015 in for C.G. offset in mount-

ing the vehicle to the Vertical Balancing
Machine, maximum static unbalance is .0045
inch C.G. displacement.

2. Residual Dynamic Unbalance--Residual
dynamic unbalance tests were made with
two Aboseal weights (3.5 and 5 grn) added

to top and bottom of the solar panels:

5 gm X 9.5 in X 15.4 inwRz --
28 gm/oz

+ 3.5 gm X 13.5 in X 16.6 in
28 gm/oz

wRz ----26.1 -F 27.8 -- 53.9 oz in _

The total runout on the face of the adapter
plate was .0025 TIR. This reading was
taken at a radius of 5 in. The wobble runout

angle was then:

.0025
tan 0_ = 0_ --

2X5

0_ = .00025 radians

53.9 oz in _

0" = (46.44--44.29) lb in sec 2 × 386 in-sec _ × 16 oz/]b

02 = .0041 radians
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The maximum dynamic unbalance is there-

fore .0041 -_ 0.00025 = 0.0044 radian.

Measurement

Specification- The moment of inertia

measurement of the spacecraft was per-
formed in accordance with Project Relay Per-

formance Requirements No. R1-0100. The
specification required that the ratio of the
null moment of inertia (about the spin axis)
to the largest moment of inertia about any
axis lying in a plane normal to the spin axis
should be no less than 1.05.

Equipment

BifiIar pendulum and universal support
bar--This was a two-wire torsional pendu-
lum rigidly anchored and terminating in a
support bar designed to accommodate the
spacecraft for measurement about pitch or

spin axes. (See Figure 11-8).

Instrumentation

1. DC Micro Volt Ammeter

2. Constant current power supply, Video
Instr. model SRB200

3. Electronic counter, Hewlett-Packard
HP523CR

4. Flip-flop circuit
5. Collimated light source, photocell, and

mirror.

The requirement for this instrumentation
was that a measurement of the period of

uncoupled torsional oscillation be provided,
having an accuracy of ±0.0009 seconds. The
bifilar pendulum system responded in a
coupled torsional-translatory motion when
oscillating. It was essential that only the
torsional motion should be sensed by the
instrumentation. An optical system was

used to accomplish this.
A thin collimated band of light was the

source. When this light was normal to a
mirror mounted on the spacecraft support

bar, the light was reflected _back to a ger-
manium photo junction cell mounted on the

light source housing, which responded to the
light pulse by a change in resistance. This
in turn triggered the counter.

Procedure- The bifilar pendulum was

equipped with strain gages which assured

equal loading on each wire. Several calibra-
tion checks were carried out, loading each

wire equally, using 10-pound load increments
between 0 to 100 lb on each wire of the bi-

filar rig.
A curve was plotted from the average dis-

placement readings of the Micro Volt-Am-
meter when the bifilar rig was loaded in

increments. This displacement curve was
used to assure equal tension on the wires
within _/_ lb when the satellite was installed
on the bifilar rig.

The general formula for measuring Mo-
ment of Inertia by means of the bifilar pen-
dulum is :

Wt R 2 T 2
1----

4= 2L

The moment of inertia of the standard

test bar weighing 169.59 lb, 4.482 in. diam-
eter, and 37.988 in. long is:

I = WIL_+D 2]

= t3--_--_.91169"59(37.988)212 -}- (4"482)2]

I = 53.401 lb-in-sec 2

The standard test bar was hung onto the

universal bar and oscillated approximately

5 degrees about its center of gravity. A
mirror attached to the test bar reflected a

collimated light beam into the photo cell-
flip-flop circuit which in turn was coupled
to a counter.

The average time per period (T) was
3.4383 seconds. The length of the bifilar

pendulum with 169.59 lb load is 333.25
inches. The weight of the wires was 1.86
lb but only 1/2 of this weight contributed to
the unbalance causing the oscillation. The
wires were set 38.280 inches apart by means

of a pin gauge.
WRiT "-

/Test Bar _- lU,,tv. _.r -- 4_2L

1.86
where W = 169.59 _- --_ _- 14.72

= 185.24 lb

185.24 (19.140) 2(3.484) 2

/Test Bar "7[- /Univ. Bar -- 47r2 × 333.25

--- 60.948 lb-in-sec 2
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FIGURE ll--8.--Spacecraft mounted on bifilar pendulum for moment of inertia measurement.
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The test bar was removed and the period
measured of the universal bar and test bar

hangers only.

Wt. ---- 14.72 -_ 1.86 _ 15.65 lb.
2

15.65 (19.140) 2 (4.1735) 2
/univ. Bar --

4_2 (333.25)
= 7.593 Ib-in-sec 2

=60.948 -- 7.593

/Test nat --- 53.355 lb-in-sec 2

53.401 -- 53.355
9_ Error = X 100

53.401
.086 

The spacecraft was mounted on the bifilar

rig for spin axis measurement. The rig was

caused to oscillate by displacing the bar 5

degrees and the period was measured. Then

the spacecraft was removed and the period
of the universal bar alone was measured.

/Spacecraft + Univ. Bar ---

(171.94+.93+18.642) (19.140) (3.1885)

4_ 2 (333.25)
= 54.214 lb-in-sec 2

lvntv. Bar = (18.642+.93) (19.140) : (3.7762) 2
4_ 2 (333.06)

-- 7.776 lb-in-sec 2

Isp .... ft = 54.214- 7.776
= 46.438 lb-in-sec 2

The spacecraft was mounted on the bifilar

rig for lateral moment of inertia measure-

ments. The rig was caused to oscillate and

the period measured. The spacecraft was

rotated clockwise (looking from the separa-

tion ring) into 45 ° , 90% and 135 ° positions

and oscillation periods were obtained for each.

The spacecraft was removed and a similar

test conducted with the universal test bar

and fixture only. The periods are given
below.

Position

0 o

45 °

90o
135 °

Univ. bar + fixture

Period (seconds)

3.3139

3.2768

3.2308

3.2706

4.8947

io o =(171.94+21.86+.93) (19.140) 2 (3.3139) 2
4_ e (333.26)

= 59.544 lb-in-sec 2

1 4_° = 58.218 lb-in-sec 2

1 90° = 58.218 lb-in-sec 2

1 135° = 57.998 lb-in-sec _

Iuntv. r_. = (21.86+.93) (19.140) (4.8974) _
4_ 2 (333.06)

= 15.229 lb-in-sec 2

Actual Tranverse Moments of Inertia:

Io ° = 59.544--15.229 = 44.315 lb-in-sec 2

I45° = 58.218--15.229 = 42.989 lb-in-sec 2

190° = 56.596--15.229 = 41.367 lb-in-sec 2

I_3_° = 57.998--15.229 = 42.769 lb-in-sec 2

The maximum and minimum values were:

Im_, = 44.362 at 2 ° CW

Imi, = 41.327

It .... 44.362 0.959
Ratio I_.i. = '46.438 --

Qualification Tests

To qualify the basic design of Relay I, a

series of electrical performance tests and

simulated-environmental tests were per-

formed on the protoype spacecraft. The se-

quence of tests was as follows:

1. Electrical performance "D" tests--per-
formed before environmental tests.

2. Temperature survey.

3. Electrical performance "A" test---per-

formed after temperature survey and before

spin test.

4. Spin.

5. Electrical performance "B" test---per-

formed after spin test and before vibration

test.

6. Vibration.

7. Electrical performance "B" test--per-
formed after vibration and before thermal

gradient.

8. Thermal gradient.

9. Electrical performance "A" test---per-
formed after thermal gradient and before

humidity test.
10. Humidity.
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11. Electrical performance "B" test per-
formed after humidity and before accelera-
tion.

12. Acceleration.

13. Magnetic dipole moment.
14. Electrical performance "B" test---per-

formed after acceleration and ma_gnet!c dipole
tests and before WB traffic tests.

15. WB traffic tests ielectrical}.

16. Electrical performance "B" test per-
formed before solar simulation.

17. Solar simulation.

18. Electrical performance "B" test per-
formed after solar simulation.

At the completion of the test sequence, a
final calibration was performed on th e space-
craft prior to delivery to Cape Canaveral.

Acceptance Tests

To prove the unit workmanship on Relay
I, and to insure compliance with the appli-

cable spacecraft specifications, a series of
electrical performance tests and simulated
environmental tests were performed on the

flight model No. 1 spacecraft. The electrical
performance tests were identical to those
performed on the prototype spacecraft; the

environmental conditions were generally less

severe than the corresponding tests on the
prototype spacecraft. The sequence of tests
were as follows:

I. Electrical performance "D" tests_per-
formed before environmental tests.

2. Electrical performance "C" _ per-

formed before spin test.
3. Spin.
4. Electrical performance "A" per-

formed after spin and before temperature

survey.
5. Temperature survey.
6. Electrical performance "B" _ per-

formed after temperature survey and before
vibration.

.7. Vibration.
8. Electrical performance "B" per-

formed after vibration and before solar

simulation.
9. Solar simulation.

10. Electrical performance "A" per-

formed after solar simulation and before

magnetic dipole.
11. Magnetic dipole.
12. Electrical performance "D" after all

environmental tests.

At the completion of the test sequence, a
final calibration of all telemetry points was

performed on the spacecraft prior to deliv-
ery to Cape Canaveral.

Electrical Performance Tests

Type "A" Tests

These tests consisted of the following

checks on the performance of the various

spacecraft subsystems :
1. Power Supply Checkout.

a. Battery open circuit voltage
b. Battery charge current
c. Battery discharge current
d. Battery trickle charge current and

control voltage __
e. Solar bus voltage
f. Unregulated bus voltage

g. Regulated voltages
(1) Radiation experiments regulator
(2) Wideband No. 1 (WCS-1) regu-

lator
(3) Wideband No. 2 (WCS-2) regu-

lator

(4) 9V regulators

h. Load cutoff operation
i. Voltage limiter operation

2. Telemetry, Tracking, and Command

Subsystem Checkout Command verification
checkout is performed at an input of 4_v at
an unregulated bus voltage of 28 vdc.

3, Wideband Communications Subsystem
Checkout.

a. Functional acceptance check (telem-

etry)
b. Frequency response

Type "B'" Tests

These tests consisted of all of the portions

of the "A" tests previously mentioned plus
the following checks:

1. Telemetry, Tracking, and Command

Subsystem Checkout
a. Command verification at input level
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of 4_Vand unregulatedbusvoltagesof 22
and 34 vdc.

b. Commandredundancy
c. Telemetrytransmitter power output

2. Attitude Control SubsystemCheckout
a. Sunaspectindicator
b. Torquecoil
c. Horizonscanner

Type "C" Tests

These tests consisted of those portions of
the "A" tests that could be sampled via tel-
emetry, since there were no hard-line connec-
tions to the spacecraft other than simulated

solar array output. These tests were:
1. Power Supply Checkout

a. Solar bus voltage
b. Battery in-circuit voltage
c. Unregulated bus voltage
d. Solar bus current

e. Total battery current
f. Regulated voltages

(1) Radiation experiments regulator

(2) WB regulators
g. Battery pressure

2. Telemetry, Tracking and Command

Subsystem Checkout.--A command verifica-
tion was performed at an RF level of 4_v
as seen by the command receiver.

3. Wideband Communications Subsystem
Checkout.

a. Functional Acceptance check (telem-
etry)

b. Frequency response

Type "D" Tests

These tests consisted of all of the "B"

tests previously mentioned and the following
additions :

1. Wideband Communications Subsystem
Checkout.

a. Functional acceptance check
b. Beyond-horizon switch voltage
c. Output power
d. Frequency
e. Noise figure
f. TV simulation

g. 300-channel noise loading
h. Group delay
i. Two-way crosstalk

j. 24-channel noise loading
2. Radiation experiments.

a. Radiation damage panel
b. Radiation monitors.

Preliminary Test Conditions

1. Modes of Operation--
a. Standby mode consisted of the com-

mand subsystem and the power supply
subsystem in operation, and was the mini-
mum electrical load on the spacecraft.

b. Continuous mode was the simulta-
neous operation of one unmodulated telem-

etry transmitter (for tracking purposes)
and the standby loads.

c. Radiation mode was the simultaneous
operation of the command subsystem, both
telemetry transmitters, the telemetry en-
coder, and all radiation experiments.

d. Wideband mode presented the maxi-
mum electrical load to the spacecraft and
consisted of the simultaneous operation of

one wideband communications subsystem
in addition to the radiation mode.
2. Use of Ground Test Fixture -- The

ground test fixture (see Figure 11-9) was
connected to the spacecraft with one 25-con-
ductor cable and one 50-conductor cable into

the ground test receptacles, 42J1 and 42J2.
This box contained appropriate switches and
meters to provide for:

a. switching the spacecraft batteries in

and out of the circuit, thus providing mas-
ter switching

b. inserting an ammeter into each bat-

tery string to read charge and discharge
currents

c. inserting an ammeter into the voltage-
limiter circuit to read voltage-limiter cur-
rent

d. inserting an ammeter into the solar

bus to read the input current from the
solar-array simulator (external power sup-
ply with current limiting) ....

e. continuous monitoring of the voltages
of all three battery strings, the solar bus
voltage, and the unregulated bus voltage

f. inserting a low-range ammeter into
each battery string for reading trickle-
charge current
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g. monitoring any one of the following

selected voltages :

• radiation experiments regulator

• WCS-1 regulator
• WCS-2 regulator
• voltage-limiter transistor collector

voltage
• solar bus

• 9-vregulator (timer)

• 9-v regulator (control)
• 9-v regulator (telemetry)
• 6.8v command control box regulator
• 12-v command control regulator
• Unregulated bus at command con-

trol box

• WB receiver LO
• WB receiver hi-level mixer
• WB transmitter LO

• transponder AGC
• WB receiver power out
• Beacon oscillator

• timer enable, WCS-1
• timer enable, WCS-2
• VHF modulation switch position
• battery # 1 temperature c/o control
• battery #2 temperature c/o control
• battery #8 temperature c/o control
• WCS-1 MGC
• WCS-2 MGC

h. on/off control of the following regu-
lators :

• radiation experiments
• WCS-1
• WCS-2

i. resetting the command control flip-
flops to the initial state and enabling the
command control box

j. testing the battery hi-temperature

cutoff circuitry
k. controlling MGC voltage to each WCS

for noise figure measurements
1. reading command receiver AGC

m. simulating the output of the solar
array (external power supply).

The ground test fixture was used in all
testing except for C tests and those dynamic
environmental tests requiring use of shorting

plugs.

3. Use o/ Shorting Plugs--Two shorting
plugs were used to turn on power to the
spacecraft, to provide wire continuity where
required, and to set the command control box
flip-flops in the initial command states. In-
serting either of the plugs turned on the

power and completes some of the circuits;
inserting the other set up the command con-
trol circuitry in the initial state and com-
pletes the remainder of the circuits.

The plugs used in testing were identical to
the flight plugs except for the 1-year timer

bias. The 9-v supply for the timer is dis-
abled during all ground tests to insure that
the ultimate turnoff will not be premature
due to many hours of extensive testing.

The shorting plugs were used during the
electrical performance C tests and the fol-
lowing environmental tests :

a. Spin
b. Acceleration
c. Vibration

d. Magnetic dipole moment.

A special set of shorting plugs was used
during solar simulation. In these plugs, the

battery straps and the flip-flop set straps
were brought out via slip rings for external
monitoring and control, while the remaining
functions were wired in the normal manner.

Tesfs with Ground Test Fixture

General--

The spacecraft was normally tested with
the solar array removed. The ground test
fixture was connected into the ground test

receptacles and the external power supply
(solar-array simulator) connected into the
ground test fixture. Three of the monopole
whip antennas were replaced with 50-ohm
terminations : the fourth whip was connected
to a 20-db attenuator. The spacecraft was

commanded by amplitude modulating an
HP-608 Signal Generator and hard-lining

through a short length of RG-58 cable to
the 20-db pad. The command carrier fre-
quency was set to the nominal value, using
a decade counter. The telemetry signal from
the spacecraft was received on a short mono-

pole antenna near the spacecraft. The TWT
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output cables were terminated at all times
by the wideband antenna or an external load

such as a calorimeter power meter or an

b ....... 80:watt termination (see:Figures 11-!0 and

1i-11). ..... : : : -

Power Supply--

1 Battery Open-Circuit Voltage Battery
open-circuit voltage was measured with the
digital voltmeter by measuring between each

battery test point (42J1-6, 8, 10) and meter
ground (42J2-43) on the ground test fix-
ture. The battery master switches ($6, 7, 8)r

r_-=__ were left open for this measurement, if any
t battery voltage was less than 24 vdc, the

: batteries were put on full charge for 30 min-

_-- :i _ rites; the measurement was thenrepeated.
i 2. Battery Charge Current _ Battery

! charge current was measured by switching
: ($3, 4, 5) an ammeter into each battery
i string and recording the current (M7) with

GROUND
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the external power supply set to 32 vdc. A

reading of 400 to 600 ma on each string was
nominal.

3. Battery Discharge Current -- Battery
discharge current was measured as above,

but with the external supply turned off
(eclipse condition). Each battery should
have contributed approximately one-third of
the total load. WB-1 was then turned on at

the ground test fixture (Sll and S14) and
the discharge currents again recorded. Each

battery should have contributed approxi-
mately one-third of the total load. WB-1
was then turned off and the external charg-
ing supply turned on and set at 32 vdc.

4. Battery Trickle Charge Current and
Control Voltage--Battery trickle charge cur-
rent and control voltage was measured by
switching (S17-8, S15) a variable 0 to 5 vdc
test voltage into the cutoff circuit of each

battery-string and slowly increasing this
voltage (R-9), while observing the charge
current mentioned above. When the charge

current decreased suddenly to a much lower
value, the supply voltage (M6) was recorded,
along with the trickle charge current indi-
cated on the low-range ammeter (MS). A
momentary contact switch ($9) was pro-
vided to switch the low-range ammeter (MS)
into the battery string after trickle charge
had been established. Removing the test
voltage allowed the battery to return to full

charge. Readings of 3.3 to 4.1 vdc and 15
to 100 ma were nominal values.

5. Solar Bus Voltage--Solar bus voltage
was measured with the digital voltmeter
between the solar bus test point and meter
ground on the test fixture. The solar bus

voltage was nominally set to 32 vdc by ad-
justing the external power supply (solar-
array simulator).

6. Unregulated Bus Voltage--Unregulated
bus voltage was measured with the digital
voltmeter by measuring between the unregu-

lated bus test point and meter ground on the
ground test fixture. The unregulated bus
voltage was nominally 2 volts lower than the
solar bus voltage measured in 5 above. When

the solar array simulator was turned off,

unregulated bus voltage was then nominally

greater than 24 vdc. The solar-array simu-
lator was then turned on and set to supply
2.0 amps, current limited.

7. Regulated voltages--Radiation experi-
ments regulator output voltage was measured

on a DVM between the radiation experiments
regulator test point and meter ground. The
radiation experiments regulator was turned
on at the ground test fixture (S12 and S14)
and the DVM reading recorded. A reading
between 22.23 and 22.72 vdc was nominal.

WCS-1 regulator output voltage was meas-
ured on a DVM between the WCS-1 regu-

lator test point and meter ground. The
WCS-1 regulator was turned on at the
ground test fixture (Sll and S14) and the
DVM reading recorded. A reading between
22.23 and 22.72 vdc was nominal.

WCS-2 regulator output voltage was meas-
ured on a DVM between the WCS-2 regula-
tor test point and meter ground. The WCS-2
regulator was turned on at the ground test

fixture (S13 and S14) and the DVM reading
recorded. A reading between 22.23 and 22.72
vdc was nominal.

8. Load Cutoff Operation--Load cutoff
operation was checked by monitoring the
WCS-1 regulator output voltage (M6 and
S17-4) while adjusting the unregulated bus.
(For this test, the solar-array simulator was
set to 28 vdc and the battery master switches
($6, 7, 8) opened.) The WCS-1 system was
commanded on and load cutoff-normal estab-

lished, using the command console. The un-
regulated bus voltage was lowered by slowly
decreasing the input from the solar-array
simulator. At the instant of WCS-1 turnoff,
the unregulated bus was nominally 22 _+ 1
vdc. The unregulated bus was then raised to
28 vdc and WCS-1 commanded back on with
load cutoff-override, using the command con-

sole. The WCS-1 regulator should not turn
off when the unregulated bus is lowered to
21 vdc. The unregulated bus was then raised

to 28 vdc and the WCS-1 subsystem com-
manded off. The test was then repeated for
WCS-2 using M6 and S17-3. At the con-
clusion of the check, the battery master
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switches ($6, 7, 8) were closed and the solar-

array simulator set to deliver 2.0 amps.

9. Voltage Limiter Operation--Voltage-

limiter operation was checked by m6nltoring

the voltage-limiter collector voltage while

raising the solar bus voltage, using the solar-

array simulator. (When the solar bus Voltage
reaches about 32.5 vdc, the voltage-limiter

collector voltage starts to decrease with an

increase in the solar bus voltage.) The solar

bus voltage was raised further until the

voltage-limiter collector voltage dropped to
10 vdc; the solar bus voltage was then nomi-

nally less than 35 vdc. The solar-arraY simu-

lator was readjusted to supply 2.0 amps,
current limited.

Telemetry, Tracking and Command Sub-

system--

1. Command Verification---Command veri-

fication was performed at unregulated bus

voltages of 22, 28, and 32 vdc and at input

levels of 4 _v and 50 _v (see Figure 11-10).
For the check at 22 vdc, the spacecraft was

operated from the solar-array simulator

only. The spacecraft was placed in the stand-

by mode by resetting the command control

box flip-flops, using the ground test fixture

(S10). The command carrier frequency was

checked several times during each test, using
a decade counter. The PDM level was set to

provide 80-percent modulation. The telem-
etry console was set up to decommutate the

output of the DEI telemetry receiver and

print-out main commutator channel 21 in
decimal for several seconds, and then main

commutator channel 16 (subcommutator

identification) in binary, and main commu-

tator 28 in decimal, to display high level

subcommutator channels 35, 43, and 51.
These four channels contain all of the com-

mand verification outputs as follows:

Main commutator channel 21
Load cutoff--normal/override

:

WCS'l---on/off

Mode--TV/Phone

High level subcommutator channel 28/35
Horizon scanner---on/off

Modulate--TT# 1/TT#2

Torque coil--positive/off

High leve| subc0mmutator channel 28/43

WCS-2--on/off

Telemetry transmitter # 1--on/off

TeIemetry transmitter #2--on/off

High level subcommutator channel 28/51

Radiation experiments--on/off

Telemetry encoder--on/off

Torque coil--negative/off

The sequence of commands listed in Table

11-2 were next sent to the spacecraft and
observations recorded on the data sheet. This

sequence was then repeated for each unreg-

ulated bus voltage setting and RF level, after

first checking the carrier frequency.

TABLE ll-2.--Command Verification Test
Sequence

Sequence Command Function

A 15 TTI&2 ON .....

B 7 Encoder ON ....

C 6 Radiation

expts ON

D 8 Horizon scanner

ON.

F, 7

F 5

(; 2

I[ 18

1 4

J 3

K 19

L 4

M 12

N 11

O ..........

P

Q 13

R 1

S 2O

T 17

U 10

V 14

W 16

Encoder ON ....

Radiation

experiments

OFF .........

WCS-1 ON .....

Mode-phone ....

WCS-I OFF ....

WCS-2 ON .....

MOde-TV ......

WCS-2 OFF ....

Coil positive

Coil negative.__

Tune DEI to

TT-1.

Modulate TT-I

Coil OFF .......

Load cutoff-

normal .......

Load cutoff-

override ......

TT-1 OFF .....

Modulate TT-2

Encoder OFF.__

TT-2 OFF .....

Observation

Presence of both carriers

(unmodulated) on DEI

receiver.

Frame sync on deeomu-

tater, verification state_,

a

Encoder off, loss of frame

syne, presence of 1300

cps squares'ave at

receiver output.

ttorizon scanner off, fram_

sync, verification states

. R

u

u

u

u

u

a

Loss of signal on DEI

receiver.

Retune DEI receiver to

TT-2, presence of

modulation, verifieatiov

states.

Loss of frame sync.

Loss of carrier on DEI

receiver.

Presence of unmodulated

carrier.

Modulation on carrier,

verification states.

a
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2. Command Redundancy--Command re-
dundancy was checked (see Figure 11-10)
by disabling the RF input to one of the com-
mand receivers and the opposite command
decoder. The decoder is disabled by instal-
ling a special Cannon connector in the har-
ness at the decoder. The command verifica-

tion sequence was then performed at an
unregulated voltage of 28 vdc and an RF
input of 4 _v. At the completion of this
check, the command system was enabled, the
opposite receiver and decoder disabled, and
the test repeated.

3. Telemetry Transmitter Power Output

--Telemetry transmitter power output was
measured by inserting special 25-inch sec-
tions of RG-188/U cable in each antenna

feedline and terminating three of the four
ports in 25-ohm terminations. At the fourth
port, a pad and a 50-ohm load are connected
in parallel with an RF power meter con-
nected to the output of the pad. The power
output of each transmitter was then meas-

ured at unregulated bus voltages at 22, 28,
and 32 vdc. The measurements were repeated
at each of the other antenna ports. The
power was also measured directly out of the

transmitter, using a pad in series with the
power meter.

Wideband Communications Subsystems--

1. Functional Acceptance Checks--Func-
tional acceptance checks (see Figure 11-11)
in both TV mode and phone mode were made

for each wideband subsystem. This check in-
eludes regulator output voltage, current in

both warm-up and full power, and timer
intervals.

Functional acceptance checks (telemetry)
were made, using both TV and phone modes,
with RF inputs of -40, -60, and -80 dbm.

For those points having a test point on the
ground test fixture, a DVM reading was taken
for comparison with the telemetry reading.

The input frequency from the UHF gen-
erator was checked, using a decade counter
and a transfer oscillator. Input levels were
measured on an RF power meter and were
thus set.

The narrowband (phone mode) carriers
were obtained from a special microwave
generator using crystal-controlled frequen-
cies. Input level calibrations were made,
using a hybrid, a UHF signal generator, and

a spectrum analyzer. Input levels to the
spacecraft were controlled by attenuators
fixed to the output of each generator.

2. Frequency Response--Frequency re-

sponse was checked by applying an input
signal from an Alfred sweep generator at
levels of -40, -60, and -80 dbm and detecting

the output signal with a wideband detector
(see Figure 11-12).Photographs were taken

of the output in TV mode at input levels of
-40 and -60 dbm, and in phone mode at input
levels of-40, -60, and -80 dbm. To calibrate
the detector, a 1-db pad and two 3-db pads
were inserted in front of the crystal detector

probe, and multiple-exposure photographs
were taken. Frequency limits of the sweep
were calibrated, using a hybrid and a decade
counter and transfer oscillator.

3. Output Frequency--Output frequency
was measured using a decade counter and a

transfer oscillator. The input signal was set
very accurately to 1725.00 Mc and the cor-

responding output signal from each WB
measured in the TV mode. In the phone
mode, the input frequency was set accurately
to 1723.33 Mc and 1726.67 Mc, and the out-

put frequencies were measured; the beacon
frequency was also measured.

4. Output Power--Output power was

measured after calibrating the output ca-
bling for insertion loss, including a low-pass

0 DB

SPACECRAFT

frYE.RID

OUTPUT SV_

Fmvae ll-12.--Wideband subsystem frequency re-

sponse test setup.
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filter and the directional coupler. Calorim-
eter readings were taken for input levels

from -35 dbm to -90 dbm input in both
TV and phone modes. The AGC reading at

each input level was also recorded.
In the phone mode, signals of unequal

strength were supplied to the input, and the
output levels were measured to determine

the relative compression.
Beacon power output was measured with

respect to the main carrier, using a hybrid,
SHF signal generator, and a spectrum ana-

lyzer. Beacon power levels were nominally
17 db below the main carrier level.

5. Receiver Noise Figure---Receiver noise
figure was measured by taking the signal out
of the IF strip at 70 Mc. MGC is used to
control the gain of the IF amplifier during
this measurement.

6. Television Simulation--Television sim-

ulation was checked (see Figure 11-13) in the

wideband mode by modulating the MM600
transmitter with staircase, white window,

and multiburst composite video signals. The
received signals were photographed for com-

ments (see Figure 11-14) were made in
wideband mode. A white-noise signal, hav-

ing a spectral bandwidth from 60 kc to 1300
kc corresponding to 300 full-load telephone
channels, was used to modulate the MM-600
transmittel:: Because the spacecraft repeater

triples the input deviation, the back-to-back
reference measurements were made at two
extremes. These extremes were:

a. Deviating the modulator by its nomi-

nal amount and, therefore, the demodula-
tor by one-third of its nominal amount.

b. Deviating the modulator by three
times its nominal amount, with the demod-
ulator now at its nominal deviation.
Both of these measurements showed the

contribution of the ground equipment to be
negligible in the measurement of the top
channel (worst case) distortion.

The intermodulation test set transmitter

contains a number of band-rejection filters
whose center frequencies (at baseband) and

response characteristics are identical to the
bandpass filters in the intermodulation test
set receiver. A reference reading is obtained

parison with the back-to-back reference by transmitting the full spectrum of noise
..... _[S-_-t_ve_f_-the trai_s_lJareficy _o_fthe into the repeater, an_rheasuring the noise

spacecraft repeater. In addition, differential present in a given bandpass filter channel.
- gain and differential phase were measured

for each system.

7. 300-Channel, Noise-Loading Measure-
ments 300-channel, noise-loadlng measure-

A band-rejection filter is then switched into
the transmitter W-ho_e-center frequency is
identical to the receiver band under investi-

k

=

REPEATERt--

FIGURE ll-13.--Setup for television transmission and

and group delay tests.

MM 600 JTRANSMITTER

J INTERMODULATION
TEST SET

TRANSMITTER

J MM 600RECEIVER

I I INTERMODULATION

TEST SET

RECEIVER

FIGURE ll-14.--300-channel noise loading test setup.

i
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gation. The noise present in the receiver

filter is then due to intermodulation distor-

tion in the repeater and thermal noise in

the test equipment.
The contribution to the total noise from

thermal sources is determined by removing
the noise modulation at the transmitter and

measuring the noise in the receiver filter

channel. The figure of merit, called Noise

Power Ratio, is then the difference between

the reference reading and the intermodula-

tion distortion and thermal noise, expressed
in db.

These measurements were made at filter

frequencies of 70 kc, 270 kc, and 1248 kc

on both wideband systems, with carrier lev-
els of -40 dbm.

8. 24-Channel Noise-Loading Measure-

ments--24-channel, noise loading measure-

ments (see Figure 11-15) were made in
narrowband mode. The measurement is simi-

lar to the 300-channel, noise-loading test

described above, with several significant dif-

ferences. The white-noise spectrum is band-

limited from 60 kc to 108 kc, corresponding to

12 full-load telephone channels per repeater

channel. During this test, one microwave

carrier is modulated with the noise spectrum

while the other carrier is unmodulated. The

carrier levels were nominally equal. In the

MM-600 receivers, a bandpass filter, tuned

to either 65 Mc or 75 Mc, was inserted be-

tween the IF pre-amp and the IF amplifier.

The test is performed by modulating one

of the repeater channels and listening on the

same channel, using the appropriate IF band-
pass filter. NPR measurements were made

at frequenciees of 70 kc and 105 kc, at a

carrier level of -40 dbm, for each repeater

channel and for both wideband systems.

9. Crosstalk Measurements -- Two-way,

crosstalk measurements (see Figure 11-15)
were made in conjunction with the 24-chan-

nel, noise-loading tests.

10. Group Delay--Group delay measure-

ments were made in wideband mode, using

the Group Delay and Linearity_st set. This

test set consists of a separate transmitter and

receiver for determining the delay distortion

TRANSMm'ER

12 CHANNEL

NOISE LOADING

RECEIVER

FXGURE ll-15.--24-channel noise loading intermod-
ulation and crosstalk test setup.

caused by the nonlinear phase-vs-frequency

characteristic of IF and RF circuits, and for

determining the linearity of the transfer
characteristic of the modulator/demodulator

elements of a microwave radio link. The

test set transmitter supplies to the MM600

transmitter a signal swept over the 62- to

78-Mc IF band at a rate of 500 cycles per
second. At the same time a tone of 200 kc

is superimposed on the signal as low devia-

tion frequency modulation. After passage

through the spacecraft repeater and front-

end of the MM600 receiver, the IF signal is

demodulated and analyzed by the test set

receiver for phase-modulation on the detected

200:k c tone:_ The receiver output.is t__e_n dis-

played on an oscilloscope as low frequency

voltage whose height is proportional to the

delay and whose horizontal position is syn-
chronized with the ± 8 Mc deviation at the

rate of 500 cycles per second. A switch on

the test set receiver provides a 10-nanosec-

ond-delay display for calibration purposes.

Attitude Control Subsystem---

1. Sun Aspect Indicator--Sun aspect in-

dicator operation (see Figures 11-16 and

11-17) was checked using a Sylvania Sun

Gun lamp to simulate the sun's rays. The

sun aspect indicator was mounted on a solar

panel, and since the solar array was not nor-

mally mounted on the spacecraft during

electrical performance checks, this panel was

temporarily mounted. The telemetry sub_ys'

tern was commanded on, from the command



-- === =

1

%
TELEMETRY

DECOMMUTATOE

SYSTEMS INTEGRATION

FOR

COMPASS

FICORE 11-16.--Attitude control subsystem test setup.

SPACECRAFT LIGHT SOURCE AT UPPER RESET POSITION
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SiDE VIEW

_,z'J
TOP V1EW _10_

DIRECTION OF MOTION

OF LIGHT SOURCE LIGHT SOURCE AT

RESET POSITION

FmURE l l-17.--Light source positions l_or SUri-

aspect-indicator check out.

donso!e; the telemetry decommutator was set

to'print=out i_ binary ttie-sur_:_e_t - ihdica'
tor channels. The sun gun was turned on, and
its'ien_was positioned to illuminate the sur-
face of the sensorial an angle of about 80 °

ab:gv_ei_h_eequatorial plane ; this causes a reset
signai to appear on the dec0mmutation dis-
play. The illumination was then positioned
to an angle of about 25 ° below the equatorial
plane and moved from right to left to simu-

late the effects of spacecraft spin: The proper
response to this excitation was checked. The

illuminati0n was then positioned about 25 °
above the equatoria] plane and checked for
proper response. The test was completed by
illuminating from an angle of --80 ° (below

the equatorial plane), thus covering the ap-
* propriate sun aspect indicator angles.

2. Torque Coil--Torque coil operation (see

247

Figure 11-16) was verified, using a magnetic

compass to sense the magnetic field of the coil
while being commanded through its operat-
ing states. With the coil in the off state, the
compass was positioned slightly below the
plane of the coil so that the north-seeking

needle pointed tangentially to the coil.
Torque coil positive was commanded from
the command console; the compass needle
pointed inwards towards the spacecraft.
Commanding torque coil negative caused the

compass needle to point away from the space-
craft. Commanding torque coil off caused
the needle to swing to its original position.

3. Horizon Scanner--Horizon scanner op-
eration (see Figure 11-16) was checked by
exposing the scanner to an infrared source

for a short period and photographing the
oscilloscope display. A subcarrier discrimi-
nator was connected between the video out-

put of the DEI receiver and the oscilloscope.
The horizon scanner was commanded on from
the command console. The heat source was
flasbed back and forth in front of the scan-

ner and the resulting signal photographed

for record purposes.

Radiation Experiments (See Figure 11-18)

Radiation Damage Panel--Radiation dam-

age panel performance was checked, using
a photo-flood lamp and the telemetry sub-
system. The te-sY_fi-c_uded checks on thirty
solar cells, six thermistors, six diodes, and
the two reference voltages of the radiation

damage panel. The damage panel was
mounted on solar panel 4B, and since the so-
lar array was normally not mounted on the

TELEMETRY

CONSOLE

_ I

GRC

:_H MAGNETOMETE_
TEST) _ EXCITER I

F[C, URE ll-18.--Radiation experiments Lest setup.
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spacecraft during electrical performance
checks, this panel was temporarily mounted.
The telemetry and radiation experiments sub-
systems were commanded on from the com-
mand console; the telemetry decommutator

was set to print out in binary those telem-
etry words which permitted testing of this
unit.

Radiation Monitor- Radiation monitor
performance was checked, using radioactive

sources and/or pulsers and the telemetry
subsystem. The electronics elements of the

various detectors were checked by injecting
the output of a pulse generator into a Micro-
dot connector located on each unit. The

proper response for each detector level was
checked via the binary output printed from
the telemetry decommutator. A special coil
and 2.5 cps driver were built to simulate

spacecraft spin to check out the spacecraft
magnetometer.

Performance of the particle-detector por-
tions of the experiments were checked using
radioactive sources of various intensities and

emissions (alpha particles for the proton

detectors and beta particles for the electron
detectors).

Tests with Shorting Plugs

General----

The shorting plugs were used in testing
the spacecraft whenever the spacecraft un-

derwent dynamic environmental exposure.
This included the electrical performance tests
before spin and during spin, acceleration,
vibration, and magnetic-dipole tests. A spe-
cial set of shorting plugs were also used in
the solar simulation test. The spacecraft was
tested in its flight configuration, including

the solar array and the whip antennas. In-
sertion of the shorting plugs into the ground
test receptacles automatically set the space-
craft in the standby mode. Data for the tests
were then obtained by commanding on the

telemetry subsystem and the particular sub-
systems under test. As required by the test
program, simulated solar-array output was
provided via slip rings from the external
current-limited power supply.

Power Supply--

1. Solar-Bus Voltage- Solar-bus voltage
was observed on telemetry main commutator

word 18 on the decommutator printer.

2. Battery-in-Circuit Voltage--Battery-in-
circuit voltage was observed on main com-
mutator words 28-17, 28-25, and 28-33.

3. Unregulated-Bus Voltage -- Unregu-
lated-bus voltage was observed on main
commutator word 19 and was to agree with

the solar-bus voltage reading.
4. Solar-Bus Current--Solar-bus current

was observed on main commutator word

28-41; telemetered reading was generally

within 10 percent of the actual simulated
solar array input.

5. Total Battery Current--Total battery
current was observed on main commutator

word 20; this reading was normally about
600 ma less than the external input.

6. Regulator Voltages--Regulator voltages
were observed on main commutator word

28-11 for the radiation experiments regu-
lator and word 28-16 for the wideband regu-

lators. The readings were normally 22.5 ___
0.25 vdc. The specific wideband regulator
examined was identified by observing main
words 21 and 28-43 (command verification).

7. Battery Pressure Monitor Voltage
Battery pressure monitor voltage was ob-
served on main commutator word 28-3 and
was 0.57 ± 0.1 vdc.

TT&C Subsystem--Command verification
was performed by radiating a command car-
rier to the spacecraft so that the command
receiver AGC, observed on main word 28-59,
indicated a signal level of approximately 4

_v. The test was performed as described
earlier.

Wideband Communications Subsystem---

1. Functional Acceptance Check--Func-
tional acceptance check (telemetry) was per-
formed as described earlier before any
environmental test.

2. Frequency Response- Frequency re-
sponse was checked as discussed earlier.
Multi-path phenomenon was frequently pres-
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ent because the spacecraft was not in an RF
anechoic environment.

Electrical Tests During Environmental Exposure

Installation Check--Following installation

in the test facility, the subsystems of the
spacecraft were operated to insure that no
malfunction or damage was caused by faulty
installation procedure or during handling.

Criteria for Unsatisfactory Performance--
Deterioration or change in performance of
any subsystem or component which could
prevent the spaceraft from meeting func-
tional, operational or design requirement was

sufficient reason to consider the spacecraft
aS having failed to Comply wi_h the Condi-
tions of the test to which it was subjected
and was noted accordingly as a d]s_el_ancy.

Evaluation of Equipment--When so di-
rected by the published test procedure, the

spacecraft was operated to permit obtain-
ing performance data and was further: in-

spected for evidence of deterioration. The
performance data of the spacecraft,-_under

test conditions or upon completion of test,
was compared with that obtained in the

comprehensive operational check before the
start of test.Any observed deterioration
tfiat exceeded the published tolerances was

• considered a discrepancy.
Re]ectlon and Retest--If a discrepancy

(i.e., a failure, malfunction, or out-of-taller'
an_e performance) occurred during a test,
a review of the details of the test with

NASA/GSFC Spacecraft Manager was made
prior to further action by the testing group.
A written report was made of all discrep-
ancies.

Substition of Equipment--If a unit became
unsuitable for further testing during a se-

quence, a unit with test Mstory acceptable
to the NASA/GSFC Spacecraft Manager
was substituted on the spacecraft. However,
if in the view of the Spacecraft Manager,
the' substitution substantially affected the

significance of results of the test sequence
during which the Unit failed, the test se-
quence and any previo-us-lycompleted pro-

* cedures which could be affected were

repeated.

Temperature Survey--The spacecraft tem-
perature was stabilized with the spacecraft
in the standby mode. Following stabilization,
the spacecraft was operated through one
cycle of 36 minutes "on," then 127 minutes

"off," for each of the wideband repeaters.
The telemetry and radiation experiments
subsystems were operated during the entire
five-hour test. A check of the power supply
subsystem and a command verification were

made during the "off" period. The "on"
time for the repeaters was utilized to exer-
cise both TV and phone modes, with both
CW signals and swept-frequency signals.
Sufficient data were obtained to satisfy the

requirements of a functional acceptance
cheek (telemetry and a frequency response
cheek). The entire five-hour test was re-
peated at high temperature.

Spin--The spacecraft, while in an operat-
ing condition normal to third-stage powered

flight (i.e., radiation mode), was spun-up
to 206 rpm (corresponding to 11/_ times the
maximum spin rate of the vehicle). The
spacecraft was operated for one cycle of 36
minutes "on," then 127 minutes "off," for
each of the wideband repeaters. The total

test time was approximately five hours, and
the subsystem duty cycle was the same as
during temperature survey.

Vibration--The spacecraft, while in an
operating condition normal for powered
flight (i.e., from main engine ignition to
injection), was subjected to vibration ex-
citation corresponding to 1.4 times that nom-
inally encountered with the Delta vehicle.
In addition to the radiation mode, the wide-
band communications subsystems were op-

erated with swept-frequency illumination to
further cheek the mechanical design of the

subsystem. Duty cycle programming was
maintained during each of the three orthog-
onal directions of vibration.

Thermal Gradient- The spacecraft was

operated as if in orbit for six days in this
environment. Each repeater was operated
for 36 minutes in a i63-mlnufe period (i.e.,

one earth orbit) with the restriction that
there would be no more than 100 minutes
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of repeater operation in a given 24-hour
period. The radiation experiments and the

telemetry subsystems were operated from
ten minutes prior to the start of repeater
operation until ten minutes after the con-
clusion of repeater operation. The simulated

solar array output from the external power
supply was programmed to simulate the ef-
fects of sun angle, solar cell conversion
efficiency, and eclipse conditions. Command

verification runs were made during the con-
tinuous mode periods.

Humidity--At the completion of the 24-
hour soak in 95 ± 5 percent relative humid-

ity followed by 30-minute drying period, the
spacecraft was operated for the equivalent
of an "'A" test. TWT power output was
also measured for both systems.

Acceleration--The spacecraft, while in an
operational state normal for powered flight,
was subjected to a steady-state acceleration,
corresponding to 11/_ times that normally
encountered with a Delta vehicle. The tests
were conducted separately along each of

three coordinate axes. The centrifuge was
large enough to prevent the "g" gradient
along the thrust axis from exceeding %15
percent at the forward end and -}-10 percent
at the aft end, as measured from the space-
craft center-of-gravity. The spacecraft was
operated on internal batteries only during
this test.

Magnetic Dipole Moment Measurement

The spacecraft was installed in the special
Spherical Dipole testing machine and, operat-
ing on internal batteries only, was pro-
grammed in all of its major modes. The
dipole moment was measured for each mode.
A permanent magnet was then installed on

the spacecraft to null the residual dipole to
acceptable values. A recheck was made to

establish the remaining values of dipole
strength. After compensation, the space-
craft was mounted on a magnetometer test

setup and a magnetic survey was made.
1. Specifications--The total magnetic mo-

ment of the Relay spacecraft was to be re-
duced to the lowest value consistent with its

operation. A value less than 0.1 ampere
turns meters squared was a design goal. The

spacecraft design minimized the internal
magnetic field of the spacecraft and the total
external magnetic field. Particular care was
to be taken to minimize time-varying mag-

netic fields where periods were close to, or
harmonically related to the spacecraft spin
rate.

2. Equipment

a. Dipole Testing Apparatus--A spher-
ical aluminum framework, approximately
100 inches in diameter, was constructed in
two hemispherical parts (see Figure 11-

19). Each part consisted of an equatorial
plane ring with half-circle meridianal
channels.

Two similar windings of copper wire
were installed on the outer surface of each

hemisphere. When the spacecraft was
mounted in the sphere, the half windings
were connected across the equatorial split.
Each winding consisted of continuous

FIGUREll-19.--Magnetic dipole testing apparatus.
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turns parallel to the latitude lines, extend-

ing from pole to pole. The density of the
winding varied as the sine of the polar
angle.

A winding of these specifications on the
surface ofa Sphere ]aad the property of
creating a Uniform magnetic flux in the
Sl_here when excited by direct current.

k: The flux was parallel to the polar axis.

through the earth's field coil was also set to
reduce the second harmonic of rotational

frequeflcy to minimum, an indication of can-
cellation of the earth's field.

The ]nstaIied-spacecraft was- operated in
all o__r modes, and the dipole mo-
ment wa_dasured for eacl_ mode. Next a

magne_ _as_rcuW-to the desired nulling
value an-d_n-s_]ledbn the spacecraft. A re-

The-sphere was oriented so that the check was made to esta-blish the net remain-

earth s magnetic field vector _ersed mg valu_e strength.
the sphere, parallel to the poiar_s.-_-fir - - _riae -s_ce_ds-t_heh installed on the

rent supplied to one o_the_vifi_gs was magnetome_er_and with a magnetometer

- used tonull out the_ earth's field vect_oror"in mounted ata fixed :distance from the center
t]ae interior of the-device, of the rotating stand (see Figure 11-20)

The second winding was used_to pick Magnetometer read|rig's were _aken every 20
up-voltages induced by the rotating space- degrees=of spacecraft aftitu-de_ - -

was established before loading the space-
craft. This was accomplished by setting the

, current in:'_h_ =component coils to null out
the machine residual dipole. The current

craft withfin the sphere. The signal was
proportional to the magnetic S_r_h of

the spacecraft and therate oTrotation.
A voltage signal in this winding was theo-
retically independent of position-Of any
dipole or multipole distribution within the
sphere. The signal magnitude was pro-
portional to the net dipole present and
ignored multiple effects. " .....

Two small test coils were fixed to the

framework supporting the spacecraft and
rotated with it. These coils _vere both

aligned with and-perpenci_cuiar to the

spacecraft spin axis. Passing measured
currents through these coils produced hull-
ing dipole components wfthin the sphere.
The magnetic strength of the coils meas-
ured the nulling vector magnitudes of the
spacecraft.

b. Magnetometer Check Apparatus
This equipment consisted of an aluminum

framework designed to support the space-
craft with its spin axis in a horizontal
plane, mounted on a turntable to permit
angular positioning of the spacecraft. A
magnetometer support stand was also pro-
vided.

3. Procedure The net machine dipole

4. Results The data-for themagnetic di-

pole comP_o_ee=nt-a_g_he spin axis for each
operating mode of Relay Flight No. 1 space-
craft is presented in Table 11-3.

The difference between the dipole level
measured in the spherical dipole tester and
the level of the magnetometer field test fa-

cility was one-tenth of an ampere-turn-meter
squared. ° _

Solar Simulation--The electrical program-
ming for this test was very similar to that
performed in thermal vacuum testing. The
three major exceptions were: 1) the use of

a rotating fixture, requiring slip rings for
several de connections (battery master

switches and flip-flop reset); 2) antennas
for radiating to and from the rotating space-
craft; and 3) the use of a light source to

excite the solar array, requiring that the de
power supplied from the external power

supply be adjusted to make up the difference
between the solar array output and the
specified solar bus current. The test was per-
formed for five days, during which the space-
craft was exercised as if it were in orbit.

PRELAUNCH TESTS

" General

The prelaunch checkout of the spacecraft
encompassed tests both at RCA-AED and

at Cape Canaveral. With the exception of
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FIGURE ll-20.--Relay I spacecraft mounted on magnetometer stand.

TABLE ll-3.--Magnetic Dipole Measurements

Operating mode* Spin axis dipole**

Uncompensated continuous ....................

Compensated continuous ......................

Telemetry transmitter _l or #2 ON .............

Radiation experiment B, C & 1 ON ............

Wideband system #1 ON ......................

Traveling wave tube ON ....................

Widcband system #2 ON ......................

Traveling wave tube #2 ON .................

Horizon scanner ON ........................

Attitude coil ON

Positive ...................................

Negative ..................................

Eclipse

Full sun

- 4.43

+0.17

+0.29

+0,17

+0,17

+0.28
+0.17

+0.25
+0.25

+0.15

+1.68

-- 1.67

*Operation in eclipse as noted.

**A mpere-t urn-meter-squared.

checkout following removal of the gantry
from the launch pad, an especially con-
structed payload checkout set was used in

conjunction with the Ground Support Equip-
ment checkout Van for all testing. This set
differed from the previously described ground

test fixture (see Figure 11-9). All switches
were hermetically sealed for safe function-

ing in the explosive atmosphere existing On
the ninth level of the gantry (due to the
presence of the live third stage rocket). The
set was electrically equivalent to the ground
test fixture but was constructed in a suitcase

configuration and more ruggedly built.

Final Calibration at RCA-AED

Prior to shipment to Cape Canaveral for
launch, the completed spacecraft was ex-

amined to insure the accuracy of telemetry
calibrations. Every telemetry point was
sampled and its response compared to the
appropriate calibration curve. New curves

were generated where required. Following
this calibration and final inspection, the pro-
totype and FM-1 spacecraft were shipped
by special truck to Cape Canaveral for the
subsequent series of prelaunch tests and
the mechanical operations involved in mating
the spacecraft to the Delta launch vehicle.

At Cape Canaveral the principal test loca-
tions for the Relay launch operations were:

1. Launch Complex 17, consisting of two
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launch pads, 17A and 17B, and supporting
facilities.

2. NASA assembly A/E building where
the van was located for the prelaunch check-
out. Adjacent to this hanger was the antenna
tower, a 50-foot high platform where an-
tennas were mounted to radiate signals and
receive signals from the spacecraft at both
the spin building and the launch complex.

uled for delivery to Cape Canaveral, one as

the primary payload and the other as a back-
up, in case trouble developed in the primary

spacecraft.
The first operation of Flight Model 1

(FM-1) spacecraft, after arrival at Cape

Canaveral, was the comprehensive initial
checkout to verify that all of systems were in-
tact after the trip from RCA-AED. Subse-

This tower also mounts the satellite-tracking quently, the spacecraft was given a daily
antenna for monitoring telemetry during rou_fi_ check while it remained in the as-

vehicle ascent and subsequent orbits, sembly hangar, A/E. The backup spacecraft,
3. Spin Test Building, which was manned FM-2, remained at AED for final checkout

by the Douglas Aircraft Company for NASA. and_was being readied for shipment when
Here the Relay spacecraft was mated to the
Delta third-stage motor and the combination
was spin-balanced prior to installation on the
launch vehicle.

Launch Preparations and Facilities

The base location at hangar A/E provided
the equipment and handling facilities for

checking the spacecraft upon arrival from
AED as well as for conducting checks at
the other two test locations. The checkout
van and the antenna system required in re-

mote testing were located adjacent to hangar
A/E.

In the Spin Building, the spacecraft was

mated to the third stage of the rocket and
the combination was dynamically balanced

at the flight programmed spin rate. A spe-
cial installation there consisted of two cor-
ner-reflectors and two four-foot dishes
mounted on an external tower and bore-

sighted to the antenna tower at the A/E

hangar. Antennas were connected to the
spacecraft via coax cables and waveguides.

The third test location was the launch

stand, where all testing was done on the 9B
level. Signals were radiated directly to and
from the spacecraft antennas from the check-
out van at hangar A/E.

The prototype spacecraft was made avail-

able at Cape Canaveral to check out all the
testing and handling procedures at the three
locations. It was also used in the radlo-fre-

quency compatibility test required by range
operations. Two flight models were sched-

FM-:I was launched.

Nine working days before scheduled
launch FM-1 was moved from the A/E

hangar to the Spin Building for mating to
the third stage assembiy. This consisted of

coupling the spacecraft to the third stage
with the explosive-bolt Marman clamp. The
combination of spacecraft and rocket third
stage was tested for eccentricity before the

dynamic spin balancing operation. An elec-

trical checkout, using the payload checkout
set, was made from the van at hangar A/E,
to insure that the spacecraft had not been
damaged.

FbJlowlng this test, the (spacecraft and

thlrd/_tage) assembly was moved to the spin
test fixture. In the balancing operation, the
assembly was rotated at the programmed
rate and the imbalance measured with ac-

celerometers. Following the balancing oper-
ation, another checkout was performed to
verify that no damage occurred during the
spin operation.

The assembly was then transported to the
launch stand in a special carrying canister

four days before launch. After attachment
to the second stage of the rocket, the space-
craft and the live third stage were encased

in a clear plastic enclosure which was con-
tinuously supplied with dust-free, controlled
temperature and controlled humidity air.

The spacecraft was tested daily, using the
payload checkout set on the 9B level of the
gantry. The tests were conducted via RF
link from the van at hangar A/E. Flight
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shorting plugs were installed just before
gantry roll-back, and the final check, imme-
diately preceding the launch, was conducted
via RF. External power to the spacecraft

was supplied from a power supply in the
blockhouse via the first stage umbilical con-
nector. Telemetry monitoring was continued
through lift-off until the spacecraft disap-
peared over the radio horizon.

Satellite Test Facilities at Base Location

Assembly Hangar AlE

The base location for prelaunch operations

at Cape Canaveral was in the NASA space-
craft laboratory, hangar A/E. The hangar
contained two laboratory areas in addition
to a hi-bay loading area. A telemetry receiv-
ing complex, an RF laboratory, and the
Mission Control Center were also located in

that hangar.

Antennas

Antennas at the base location were needed

for remote testing by radio coupling to the
spacecraft at the Spin Building, for launch
stand tests, for terminal/countdown tests,
and for the monitoring of telemetry during
the ascent trajectory and subsequent orbits.

Commands were transmitted to the other

two test locations with a vertically-polarized
yagi mounted on top of the 50-foot antenna

tower. Boresighting to the test sites was
done optically.

Telemetry reception was facilitated by an
optically boresighted, horizontally-polarized
yagi mounted on the 50-foot tower. Recep-

tion of telemetry signals during the terminal
countdown, lift-off and ascent trajectory,

and subsequent orbits were received on a
9-yagi, cross-polarized, steerable array,
mounted on the 50-foot tower. The array
was manually steered at acquisition, using
computed pointing data and corrected for
tracking by scanning both in azimuth and
elevation for maximum signal strength.

Microwave (UHF) transmissions to the
Spin Building were made via a 4-foot para-
bolic dish antenna; transmissions to the
launch stand were made with a 6-foot para-

bolic dish. Both were tower-mounted and

optically boresighted.
Microwave (SHF) transmissions from the

spacecraft while at the Spin Building were
received on a small horn antenna. Trans-

missions from the launch stand were received

with a 10-foot parabolic dish. Both were
tower-mounted and optically boresighted.

Test Facilities at the Spin Building

At the Spin Building, two 4-foot parabolic
dish antennas were mounted on an external

tower and optically boresighted to hangar
A/E. Waveguides and coaxial cables were

used to couple these to the spacecraft micro-
wave systems. Command and telemetry sig-
nals were connected to a vertically-polarized
corner reflector mounted on the tower. The

payload checkout se t _and a current-limited
power supply were installed in the building
as far away from the live third stage as the
cables would permit.

Spacecraft Facilities on the Launch Stand

Upon completion of spin balancing, the
spacecraft-third stage combination was en-

closed in a carrying canister for transporta-
tion to the launch stand. The carrying
canister was lifted up to the ninth level by
cranes, where the spacecraft-third stage
combination was assembled and mated to

the second stage. The spacecraft and third
stage of the rocket were each enclosed in

clear plastic shrouds continuously supplied
with dry, cool air. The working area on the
ninth level was also enclosed in a tent.

Spacecraft Testing

Three series of tests were performed on
the spacecraft. The first was the initial
checkout in A/E hangar, a comprehensive

test made just after the spacecraft was re-

ceived from AED, and included hard-line
tests of all subsystems. The second series
were daily tests, using hard-lines covering the

period from the completion of the initial
checkout until delivery of the spacecraft to

the spin facility. The third series of tests
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were performed via RF link to the space-
craft at the other two test locations.

Inltia| Checkout

The initial checkout included the following

items : physical inspection in _etail;power
suppIy checks, command Verificatlor] checks,

command systems redundancy test, VHF
lffower-measurements, VHF frequency meas-

urements, wideband functional acceptance
checks, swept-response test, wideband fre-

quency measurements, television simulation,
group delay measurements, radiation experi-
ments, sun aspect indicator test, horizon
scanner test, and attitude control coil test.

The svacecraft was mounted on the port-
able pedestal with a Marmon clamp. All
solar array panels except 4A were mounted

and plugged in (solar panel 4A was off to
allow connections to be made to the com-

mand receivers). Three of the monopole
whips were replaced by 50 n terminations;
the fourth was replaced on a 20 db pad. This

connection made possible precise measure-
ments o-n the VHF systems without ihe need
to radiate power at the VHF beacon fre-
fluency or at the command frequency. The
iat_er consTderation is especially important

____at C_ape Canaveral, where all radio-frequency
is carefully controlled and frequently prohib-

it_e_dfor_range safety.
The TWT output cables were removed

from the antenna and connected to dummy
loads (80 watt terminations or a calorimeter)
in order to check out the wideband systems.
A diagram of the test setup is shown in Fig-
ure 11-21.

DafTy Checks

The daily checks were performed under the
same conditions as the Initial Checkout. How-

ever, the following tests were deleted:

1. VHF power measurements

2. VHF frequency measurements

3. Wideband frequency measurements

4. Command redundancy tests

In additi0n, an abbreviated check:of the ra-

diation experiments was performed.

FIGUR_. ll-21.--Test setup for initial and daily check-

outs at A/E hangar at Cape Canaveral.

Tests at the Spin Building

All testing of the spacecraft in the Spin
Building was done remotely by RF link from
the checkout van at hangar A/E. The pay-
load checkou_ set was used to monitor certain

functions, as abackup for the van. The ex-

ternal power supply was connected to the
spacecraft via a test plug. Tests were run on
the power supply, command verification,
wideband functional check, and swept re-

sponse.

Tests at the Launch Stand

All testing was performed via RF link to

the checkout van. The payload checkout set
and the external power supply were con-
nected to the spacecraft but kept far from
the spacecraft/third-stage because of the ex-
plosive atmosphere. Tests on the various
subsystems were similar to those performed
at the spin building. In addition, TV simu-

lation and groupdelay tests were performed.
A detailed checkout of the radiation experi-
ments was made by the experimenters using
both pulsers and radioactive sources. Hori-

zon scanner, sun aspect indicator, and torque
coil were also checked on the gantry. All
RF signals "at the-g_nt_;y-=were handled di-

rectly via the spacecraftantenna-systems.
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Range Operations

Tests on T --1 |

On the day T --11 ("T minus 11" means
eleven working days before launch), the pro-
totype spacecraft was taken from the check-
out hangar to the Spin Building where it was
mated to a dummy third stage. This event
was in preparation for the RF compatibility

test on T --10, but it also gave all personnel
an opportunity to rehearse procedures before
arrival of the flight model at the Spin Build-
ing.

Tests on T _10

On T --10, the prototype and dummy third
stage were transferred to the launch stand
and were attached to the second stage of the
Delta vehicle. The RF compatibility test on
T --10 showed that all the range radars, the
guidance system, the destruction system,
vehicle beacons, and the spacecraft systems
were mutually compatible.

Tests on T --9

On T--9, the FM-1 spacecraft was trans-

ferred to the Spin Building to be mated to
the live third stage. Checks were made daily
on the spacecraft until T --4 when the space-
craft was transferred to the launch stand.

Tests on T --4

On T--4, the FM-1 spacecraft and live

third stage were transferred from the spin
building to the launch stand to be mated to

the second stage of the Delta vehicle. A check
of all spacecraft systems was made via RF
from the van.

Tests on T --3

On T--3, an all-systems check was made
to verify the readiness of the integrated vehi-
cle and supporting range functions for the
launch operation.

Tests on T --2

On T--2, a daily check was made on the

spacecraft following a no switching-no radia-
tion period while ordnance installation for
first and second stages was accomplished.

Tests on T --I

On T--1, countdown began with a space-
craft checkout of all systems, including a
check of the radiation experiments. The
overall test time allocated was five hours, 45
minutes. Missile engine checks, missile elec-
trical checks, range readouts, command de-

struct, and external and internal power
checks were made during the time the space-
craft checks .were carried out. Following

completion of these tests, second stage pro-
pellant servicing and pressurization were ac-

complished.

Tests on T --0

The day T --0 countdown began with a
31/2 hour checkout of all spacecraft systems.
First stage fueling was also accomplished at
this time. A period of no switch-no radiation
followed, in which the third stage fairing

was installed along with the necessary ord-
nace items. Another spacecraft test with the

flight shorting plugs in place was made fol-
lowing fairing installation. This test was
completed in 13/_ hours. During this time,
range RF systems and command destruct
checks were made. Another no switch-no

radiation period was instituted to allow for

final installation. Following the completion
of the ordnance installation, the gantry tower
was moved back to its stowed position. The
final spacecraft checkout was made from
T--85 minutes to T--35 minutes. Liquid
oxygen filling was accomplished during this

time. A one-hour, built-in hold was partially
used to complete the LOX servicing. Termi-
nal countdown was started at T --35 minutes

at 1755 EST. The spacecraft was commanded
into the launch condition : i.e., both telemetry

transmitters on, encoder on, radiation experi-
ments on, load cutoff normal, TV mode, wide-
band subsystems off, torque coil off. The
external power supply in the blockhouse con-

tinued to supply load and battery charging
current until T--5 seconds. Ignition and lift-
off occurred on schedule at 1830 EST. Main

engine cutoff occurred at T-}-148 seconds,
second stage engine cutoff at T-{-316 sec-

onds, third stage spin up at T -}- 1461 seconds,
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third stage engine burnout at T -}- i516 sec-
onds, and spacecraft separation at T -[- 1636
seconds.

Telemetry signals were received from lift-
off until the spacecraft dropped below the
radio horizon. No changes were observed in

the operating mode of the spacecraft during
the launch sequence.

LAUNCH VEHICLE AND ORBIT

Description of Delta Vehicle

The Delta vehicle is a three-stage rocket,

with ground-guided, liquid-fueled, first and
second stages, and a spin-stabilized, solid
propellant third stage. A low-drag, fiber-
glass fairing surrounds the third stage, and
the Relay spacecraft was mounted on it in
the launch configuration. The overall vehicle

was approximately 90 feet high and weighed
about 57 tons, fueled and ready for flight.

The first stage is an operational-type Thor
missile modified for the Delta use. Its engine
uses RP-1 (high grade kerosene) fuel with

liquid oxygen (LOX) as the oxidizer and
nominally develops 159,200 pounds thrust at
liftoff, increasing to 173,700 pounds at steady
state. The propellants are injected into the
combustion chamber by turbopumps, a_'ehicle

performance is based on the use of at least
99 percent of the propellant, with a burning
time to MECO based on LOX-depletion. A
flight controller, employing three integrating
gyros, three rate gyros, and a programmer
is used to provide open loop control until the
BTL ground guidance system takes over,
about 90 seconds after liftoff. Control is

achieved by a combination of hydraulically
gimballed main engine nozzle and two small
vernier engines.

The second stage propulsion system used
unsymmetrical dimethyl hydrazine (UDMH)
fuel and inhibited white fuming nitric acid
(IWFNA) as the oxidizer. Nominal steady-

state thrust developed was 7560 pounds. A

gaseous nitrogen retro-system is used on the
second stage to provide reverse thrust to get
the required separation distance between the
second and third stages at third-stage igni-
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tion. Second stage in-flight steering control
is achieved by hydrauH6 _,imballing of the

second stage engine t_ust chamber. Roll
control is accomplished by discharging heli-
um gas through four roll jets, two of which
react in a clockwise direction, and two react

in a counter-clockwise direction. Both pitch
and yaw control systems respond to com-

mands from the BTL ground guidance sys-
tem.

During the coast period, starting at sec-
ond-stage burnout and ending at second/third
stage separation, the vehicle was turned to
its proper spatial orientation by means of a

second-stage coast phase control system. The
gyros used to control the second stage during
the powered portion of flight supplied the
attitude reference used to control the gas jet

system during the coast phase. An on-off type
of gas jet operation was used.

To provide range safety destruction capa-
bility, the Delta vehicle carries command de-
struction receivers in the first and second

stages. The flight termination system in each
stage consisted of the receiver and decoder,
antenna system, safety and arming mecha-
nism, a detonat|ng cord strand to rupture

propellant tanks, and a power supply inde-
pendent of vehicle power. P-l:i0r to first/sec-
ond-stage separation, elT/_e-r- system would
destroy both stages.

A large-diameter (approximately 22 inches)
ball-bearing mounting, at the forward end
of the second stage, supports the spin table,
which in turn supports the third stage motor
and spacecraft. Prior to third stage ignition,

the third stage and spacecraft are spin-sta-
bilized at approximately 165 rpm by small
rocket motors attached to the spin table. The
third stage propulsion system has a solid pro-
pellant motor and a fixed nozzle.

The separation of the spacecraft from the
third stage was delayed two minutes after
nominal fuel depletion l_o allow -time for af-

terburning and outgassjngofth e thir d stage
motor, thus preventing contamination of the
satellit'e. The third stage motor was tumbled,
by an asymmetrical wel_ght after separation,
to prevent impact with t-hesatellite.
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A low-drag fairing was provided to de-

crease aerodynamic drag and to protect the
spacecraft and third-stage motor from aero-
dynamic heating during flight through the
atmosphere. This fairing was jettisoned dur-
ing second-stage powered flight at an altitude
where protection from aerodynamic heating
was no longer needed.

Spacecraft/Launch Vehicle Integration

The Delta vehicle for the Relay project
placed limits and requirements on the space-
craft to insure compatibility. Dimensions

of the standard low-drag fairing established
a maximum envelope diameter of 29 inches.
A standard Delta payload attachment fitting
was incorporated as an integral part of the
spacecraft structure to mate with the corre-
sponding fitting on the Delta. The compati-
bility of the spacecraft design was confirmed
at a fit-check mating at Douglas Aircraft
Company, Santa Monica, California, when a

full-scale accurate mockup of the spacecraft
was assembled with the appropriate launch
vehicle components.

Orbit Determination and Guidance

The desired Relay orbit resulted from
tradeoffs in consideration of Delta capabili-
ties in terms of orbits achievable and space-
craft weight and size. The vehicle perform-
ance was very nearly perfect, resulting in the
following orbital parameters:

Apogee : 4627 statute miles

Perigee: 818 statute miles
Inclination of orbit to earth's equator : 47.5 °
Anomalistic period: 185 minutes

Because of range safety considerations, the
launch azimuth may not exceed 108 ° when a

Delta vehicle is launched from Cape Canav-
eral. This establishes a path which crosses
the equator at an angle of about 33 °. The or-
bital inclination will have this value if all three

stages are fixed in the initial flight plane, as
they would be for maximum energy use. The
desired higher inclination of 47.5 ° was at-

tained by yawing the second and third stages
to the south of the initially established ascent
trajectory plane when the vehicle had arrived

at a point where the range was clear to the
south. Since the energy imparted to a space-
craft is reduced by such yawing, the final
apogee or perigee or both will be reduced.
In developing the ascent trajectory it is nec-

essary to ensure that the command guidance
system at the launch site maintains contact
with the vehicle during first and second-stage
powered flight. The vehicle must stay well
above the launch site horizon and be pointed
properly so that its antenna will receive guid-
ance signals from the launch site. Several

reiterative calculations are required for the
determination of the optimum ascent trajec-
tory.

After the second-stage engine cutoff
(SECO), the vehicle is allowed to coast up-
ward, losing speed, until finally it reaches the
apogee of the ascent trajectory established
by the first and second stages. During this
coasting period, the second stage was turned
to its proper spatial orientation by means of

the gas jet system. The third stage was ig-
nited when the vehicle reached the ascent

apogee. The third stage axis is maintained in
the local horizontal plane at the time of firing,
in order that no more energy be wasted, so
that the final perigee position will coincide
with the ascent trajectory apogee.

The Relay launch vehicle was guided by the
BTL command guidance system. The com-

mand guidance system consists of a precision
tracking ground radar, a digital computer,
and a missile-borne system in the second
stage of the rocket. This, in turn, consists

of a radio guidance receiver, decoder, and
transmitter. The ground guidance facility is
located about two miles from the launch area,
and houses the radar and the computer. In
the command guidance system, the launch

vehicle position is continuously determined
by the precision ground-based automatic
tracking radar. The computer analyzes the
position data and derives appropriate vehicle

velocities. The missile position and velocity
data are compared with pre-calculated values,
representing the desired trajectory which has
been stored in the computer memory prior to
flight. Coded steering commands, based oi:
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error signals between the actual and desired

values, are transmitted to the vehicle on the

radar beam.

An engine cutoff command is sent to the

vehicle when the ground-based computer is
satisfied that the desired terminal conditions

have been met. The high degree of accuracy

of the command guidance system results pri-

marily from the combination of reliable com-

munications to the missile, precision radar-

tracking, and a unique computation process

involving radio inertial guidance principles

for determination of velocity.
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INTRODUCTION

The Relay spacecraft was designed to dem-
onstrate the feasibility of using low-altitude
satellites to relay wideband communication

signals over great distances. In addition,
Relay I obtained extensive information on
the effects of the orbital environment on

satellites of this type.

To provide and assure the high degree of
reliability required for this program a de-
tailed reliability program was formulated.

._ This reliability program was based on:

1. Component par{ reliability

2.. System reliability analyses
87U6_ser_ative -design ..........

4. Rigorous testing

5. Quality control.

Component part reliability and redun-
dancy determine the inherent reliability of

the spacecraft. Design, testing, and quality
control represent the engineering effort re-
quired to strive for this maximum inherent
reliability.

Because of the effort expended on these
areas, Relay I has successfully completed
more than one year of operation in space.

PARTS PROGRAM

General

The selection of proper component parts
constituted the initial phase of the reliability

program.
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Component specialists prepared a standard
parts list for the control of parts selection.
The definition of such parts demanded that
the parts possess specific electrical, environ-
mental, and reliability characteristics. The
environmental stringencies of outer space
precluded use of many parts which were com-

mon in ground equipment.
Radiation has a degrading effect on the

paper and impregnant used in paper capac-
itors; non-hermetically sealed wet tantalum
and aluminum capacitors lose their electro-
lyte in vacuum; adjustable components ex-
hibit sensitivity to vibration and other me-
chanical stress; and many oils, greases, etc.,

outgas or change physical properties under
conditions of high vacuum or radiation.
These are examples of factors that had to be

considered in the preparation of a standard
parts list.

Procedures were also established for util-

ofization non-standard parts whereby a
design engineer submitted application data,
requirements, and recommendations to the
appropriate component specialist. Analysis

and testing, if necessary, resulted in accept-
ance or rejection of these non-standard parts.

Mission Profile

A mission and environments profile was

developed from the requirements specified

for system operation. This profile described
the maximum conditions the spacecraft was
to undergo during its operational life (see

Table 12-1).

=



262
• b •

RELAY I--PART I

TABLE 12-1.--Spacecraft Mission Profile

Environmental
condition

Radiation

intensity

Electrical

interference

Vacuum

Altitude

Vibration

Humidity

_mbient

:emperature

Factory phase

MIL-I-26600

Sea level to

50,000 feet

Non-isolated

equipment

3.5 g RMS at 5 to

50 eps

1.5 g ar_s at 50 to

300 cps

loo%

q- 160°F unsheltered

ground condition

-35°F restricted

air transport

Prelaunch phase

Sea level

1oo%

Launch phase

Atmosphere to less

than 10-_ mm Hg

Sea level to orbit

900°F flash

temperature
approximately
4 minutes

160°F on inside of

nose fairing

Orbit phase

Inner Van Allen Zone

proton E > 40 Mev

2 X 104/cm%ec

Electron E > 6130 key,

lOS/cm_ see

Less than 10-s mm Hg

800 to 2500 miles

Solar radiation 442.4

BTU/hr ft 2

Pertinent environmental information was

extracted from the profile to dictate sub-
system and component requirements neces-

sary for successful operation. The environ-
mental information was then integrated into
the parts program to govern the selection of

qualified parts.
The most serious of all environmental

conditions for spacecraft is radiation in the
inner Van Allen zone. The expected inte-

grated radiation levels per year were 104
roentgens :inside the spacecraft and 10_
roentk_s -on°tiie Surface: SubSequent°sc-]en:
tific experiments disclosed that a more severe

radiation problem existed. Since this addi-
tional information came too late to be in-

cluded in the component and design criteria,

a special test program was conducted on

semi-conductors used in the Relay spacecraft.
Eighty - four power transistors (twelve

each of seven types used in the Relay satel-
lite) were irradiated, four at a time, in a
6-Mev LINAC microwave electron acceler-

ator. Performance was followed closely and
parameters were plotted after successive
doses, corresponding roughly to one day, 10
days, and 100 days in the Relay Satellite
orbit.

Results were c0nsfstent, and indicated that

most of the types tested degraded in a pre-
dictable manner, with little divergence for

any particular component. Degradation was
surprisingly rapid for exposed transistors;
this indicated that shielding from high en-
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ergy electrons was urgently needed.

If additional shielding had not been pro-

vided, Beta might have fallen to minimum

Beta design value within 5 days for the most

sensitive type, the 2N174A, in the high-

power, voltage regulators. The generalized
Beta degradation curves for the transistors

tested, without special shielding, are given in

Fibure 12-1. Observed increases in collector-

: : _i:base leakage Current were fourfold. Reverse

bias on the collector-base junction did not

noticeably change the rate of degradation.

As a result of this testing, additional shield-

:in--as added to protect the 2N665 and
....... : 2N1039 transistors in the:_attery charge

: _ontroller and the power transistors in the

voltage regulators.

'_ Preconditioning

:_--=:==_..........._._:_: Initial preconditioning plans included a_500

:_:_ hour, burn-in period for all parts. However,

it became _pparent in the initial stages of
the project that proper implementation and

eon_troi of the bur_:i_ni:__as_ not l_ossible be-
cause of the short work schedule. An alter.-

na_e procedure':was::_opted to be compat-

ible with the work schedule. All parts were

..... baked at elevated temperatures for 168 hours

and subjected to electrical testing before

/
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and after preconditioning.
The screening process was expected to

remove initial failures and potential failures

early in the program, thus reducing the

required post-fabrication rework and aiding
attainment of the reliability specified for the

system. Figure 12-2 shows a failure distri-

bution for a typical lot of components. Fail-

ure rate is plotted as a function of time.
There are _w0 regions of relatively high,

non-constant, failure rate. One occurs early
in life due to initial defects in manufacture,

and the other occurs toward the end of part
life and is attributable to wearout. Precon-

ditioning carries the parts beyond the early
life, high failure rate, region and into the

constant failure rate region. Proper selec-

tion of parts prevents reaching the wearout

region.

In conjunction With preconditioning, 100-

percent incoming-part inspection was em-

ployed in lieu of sampling techniques, to

assure reliability of each component.

Except for transistors, all components

were accepted or rejected on the basis of

specification tolerances. In the case of tran-

sistors, a 20-percent change in Beta gain or a

100-percent change in leakage current (IcBo)

also rendered that part unacceptable.
Inspection after: preconditioning resulted

in rejection- of 8.74 percent of the parts
which had already passed earlier inspection.

If it can be assumed that the component

parts rejected after preconditioning--there
were 2090 of them--would have been fail-

ures during early test hours, then the value

i
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TABLE 12-2.--Relay Parts Program, Preconditioning Results

Equipment

Capacitors

Fixed mica dielectric .......

Glass dielectric, variable ....

Ceramic dielectric, fixed .....

Glass dielectric, fixed .......

Ceramic dielectric, variable_.

CK-types Vitramon ........

Tantalums ................

RCA Drawing No. 8987915

Mylar dielectric .............

Chokes

RF .......................

Cr_s_ds

RCA 8530449 ..............

Diodes

IN251 ....................

IN256A ...................

I N295A ...................

IN486B ...................

IN645 ...................

IN745A ...................

IN746 ....................

IN750A ...................

IN751A ..................

IN753A ...................

IN756A ...................

IN758A ...................

I N759 ....................

IN831A ...................

INg01 ....................

IN967B ...................

INg07B ...................

IN1202 ...................

IN1508A ..................

IN1511AR ................

IN1732 ...................

IN1734 ...................

IN2979B ..................

IN3018B ..................

RCA 99250-102 ............

PSI PC-116-22A ..........

Filters

RCA Drawing No. 8950287_

Initial Rejected after burn-in
inspection

quantity
passed Quantity Percentage

2736 176 6.43

1228 126 10,26

1218 142 11.66

2498 284 11.37

65 5 7.69

625 53 8.48

224 14 6.25

100 7 7.0
10 0 0

733 56 7.64

31 0 0

103 4 3.99
15 0 0

27 1 4.71

20 1 5.0

390 17 4.35

25 0 0

36 1 2.78

22 2 9.10

14 0 0

14 0 0

15 0 0

13 0 0

22 3 13.64

60 0 0

180 12 6.67

t5 0 0

11 0 0
30 0 0

27 3 11.12

14 1 7.15
26 0 0

15 0 0

10 0 0
15 0 0

81 0 0

16 0 0

60 0 0

Equipment

Initial Rejected after burn-in
inspection
quantity

passed Quantity Perecntage

Resistors

Metal film, HT .............. 235 0 0

Carbon composition, fixed ..... 10,880 878 8.07

Wircwound, fixed ............ 16 0 0

Wirewound, variable ......... 66 6 9.1

Transformers

DO-T-37 ................... 11 0 0

Transisbrrs

DEP-01 (RCA spec. no.) ..... 79 28 35.45

DEP-02 .................... 6 3 50.00

DEP-03 .................... 30 0 0

DEP-03A ................... 199 I 0.51

DEP-08B ................... 105 12 4.3

2N328A ..................... 6 0 0

2N329A ..................... 74 3 4.06

2N338 ...................... 7 0 0

2N384 ...................... 14 1 7.15

2N498 ...................... 18 0 0

2N656 ...................... 55 8 14.55

2N665 ...................... 48 7 14.59

2NT00A ..................... 35 4 11.43
2N706A ..................... 27 7 25.93

2N718A ..................... 219 7 3.20

2N722 .......... : ........... 170 14 8.24

2N929 ...................... 25 2 8.00
2N1012 ..................... I 1 3 27.28

2N1016B ................... 25 5 20.00

2NI039 ..................... 155 14 9.04

2Nl132 ..................... 33 4 I2.13

2Nl141 ..................... 81 7 11.48

2NlI84B .................... 49 4 8.17

2N1405 ..................... 255 37 14.51

2N1480 ..................... 11 3 27.28

2N1485 ..................... 8 2 25.00

2N1493 ..................... 128 6 4.69

2NI493X ................... 51 8 15.87

2N1692 ..................... 48 3 6.25

2N1720 ..................... 19 3 15.79

2N1905 ..................... lfl 0 0
2N1973 ..................... 59 1 1.70

2N2015 ..................... 4 1 25.00

Total ......................... 23,902 2,090 (8.74)

of this screening process is obvious. Without
preconditioning, the post-fabrication rework
would have been excessive. Results of the

preconditioning are tabulated in Table 12-2.

De-rating Policy

Component part failure rates increase as
the electrical and environmental stresses on

the part are increased. To assure conserva-
tive design and to keep part failure rates as

low as possible, a derating policy was estab-
lished. Basic provisions of the policy were:

1. The maximum power dissipated by any
semiconductor, averaged over a 30-second

period, must not exceed 20 percent of the
power rating at 25°C. Voltage transients

must not exceed 80 percent of the rated
breakdown voltage.

2. No mica or ceramic capacitors were

operated at voltage levels greater than 10
percent of the rating at 25°C. Tantalum
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capacitors were not to operate above 70 per-
cent of the 65°C voltage rating.

3. The power dissipated by any resistor,
averaged over a 30-second period, must not

ex_ceed 50 percent of the 25°C power rating,
n0r-be subjected to a voltage greater _than 80
percent of rated value.

SYSTEM RELIABILITYANALYSIS

Redundancy

General

The major decision concerning redundancy

in the Relay spacecraft system was made
during the proposal effort. This decision was
based primarily on the following:

1. The calculated reliability of any single
system was low without redundancy.

2. The effects of space environment were
unknown, especially combined effects of vac-
uum and radiation.

Redundancy, as applied to the final space-
craft, was integrated /tt all levels,- including
piece parts, circuits, black boxes arid the

subsystem level. Applications are discussed
briefly below.

iT2, :=T _:

SOLAR

ARRAY I •

J LIMVOL'

l T
"AOEI[ C.A OECONTROLLER

Systems Power Supply

Figure 12-3 illustrates the block diagram

of the spacecraft power supply. Four areas
of redundancy were indorporated in this de-
sign: solar cells, battery and charge con-

trollers, high power regulators and the low
voltage sensor.

For redundancy in the solar cell area, a

series-parallel wiring design allows failures
to occur (e_t}iershort circuits or open cir-
cuits), without seriously jeopardizing sys-
tem powe_._gure 12-4 illustrates the inter-
connection wiring of cells on a section basis.

Normally, five series cells make up a shingle;
four or six parallel shingles make up a block;
fifteen series blocks 'make up a string; two
parallel strings make up a section; two par-
allel sections make up a panel; and eight

parallel panels make up the total array.
The loss of any individual cell can have one

of two eff_ec___f the cell shorts, the voltage
contribution of that ceil is lost. If the cell

opens th_:_urYent contribution of that shingle
is lost. ..............

Redundancy was added by increasing the

voltage and Current capability to offset deg-
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UNREGULATED

BUS

5 SOLAR CELLS ......... ],.. ,_4 C_ 6 SHINGLES _

_4 OR 6 SHINGLES_ i

_4 _ _4 OR 6 SHINGLES_
I i I l I l i ._

I t
T RETURN

O

FmuRE 12-4.--Typical section of a solar panel.

...... %.;_.
,o ,u,_.-, L,E._,c, ,_jANTENNA

7-I

FICURs 12-5.--Wideband repeater, block diagram.

radation and/or catastrophic failures. With
this addition, reliability is dependent not on
the simple series function but is more nearly
represented by a binomial expression. Reli-
ability is dependent on the amount of addi-

tional power designed into the system, over
and above the required values.

The second area of redundancy is com-

pletely functional. One redundancy is in the
battery, battery charge and control circuitry.
Here three charging circuits and three bat-
teries have been provided where any two of

the three will provide sufficient power for
operation, provided the spacecraft is not re-
quired to operate extensively during eclipses.

The final point of redundancy in the sys-
tem power supply consists of two, high

power, voltage regulators, one for each of
the wideband repeater subsystems. This is
not a one-for-one redundancy, but each reg-
ulator is a series element in the repeater,

where complete subsystems are provided on
a one-to-onebasis.This is illustratedin

Figure 12-5.

Wldeband Repeaters

The wideband repeater is a complete sub-

system composed of the receiver and the high
power transmitter, for handling either TV
transmission or for handling two-way voice
or telegraphy transmission.

Figure 12-5 shows a system operational

block diagram illustrating the complete one-
for-one redundancy on a subsystem basis.

Other redundancy aspects are in evidence
in the wideband receiver. An IF switch in

the receiver allows the unit to process either
the one-way TV transmission or two-way
voice. The two receivers provide, from the
IF switch to the adder circuit, additional

reduced modes of operation. The probability
of having at least one-way TV or two-way
voice transmission is associated with having
one-out-of-four of these circuits working,

plus the remaining portions of the receiver
as series elements. The possibility of having
both one-way TV and two-way voice trans-
mission becomes one-out-of-two for each type

of circuit, plus the remaining portions of the
receiver as series elements.

Command Control Circuitry

The command control is a complete sub-
system of project Relay whose function is
the reception, demodulation, and decoding
of command signals. The subsystem is illus-
trated in the block diagram shown in Figure

12-6. This diagram is a complete two-redun-
dant configuration of the subsystem utilized
in Relay I. The redundancy utilized is stand-
by active. Though the basic reliability gain

is less than that with standby inactive, the
net gain is greater, since the standby active
negates the need for sensing and switching.

This subsystem incorporates redundant
receive and demodulate functions and redun-

dant decode functions. Also, each of the ten
decoded outputs is channeled through a re-
dundant pair of OR gates. In order to elim-
inate sensing and switching functions that
are generally necessary for redundant con-
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FIGURE 12-:6. Commend control system block dia-
_+
-_-- - gram.

figuration, an antenna coupler has been util-

ized to isolate the inputs from each other,

yet allows each receiver to be independently
opel'able from a common antenna. The de-

modulated receiver outputs are fed through
appropriate isolation to both decoders re-

sulting in a both-either-or redundancy.

Similarly, the decoded outputs are also both-

either-o++++++__ _r through Paired OR-gates. With this

=arYan-gement, all functions operate simul-
_ta_-eously, and no requirement exists for

sensing or swishing. A failure along one

_channe_ot reflected in other parts of the
=_l)ecause of the unidirectional char-

a_i_ steal fiow as determined by

various forms of isolation.

Outputs_-romthetwo decoders are fed to

the command +contr0! = box for p erfo +rming
command functions. The most critical cir-

cuits in the control box are the two voltage

regulators which are common to each control

channel. A failure in either of these can cause

the complete +10ss of spacecraft control.
Therefore, complete parallel redundant reg-

ulatorsh ave beenprovidcQ as ]!!ustratedin

Figure 12-7. Review of the circuitillustrates

that combinations of particularfailure-modes

are necessary to cause the regulat_rvoltage

to exceed its useful range. It will be noted

that the most critical failure mode in the
_ + . *

regulator is the open circuit. Should a com-

ponent part open in each regulator circuit,

this would cause the loss of the output volt-
_a

age. However, the open circuit failure is

CR3

CR1

-r CIt2

B+

R._ R4

CR4

-_ ),wCR6

Eowr W

-'_ CR5

FIGURE 12-7.--Redundantregulatorcontrolbox.

usually a result of overload stress conditions

that, in turn, occur as the result of defects

in preceding series elements. Overload con-

ditions, however, have been prevented by

careful selection of component parts and by

monitoring parts application.

Te/emefry Cltcu;try

The telemetry subsystem includes the te-

lemetry data encoder, the horizon scanner

and two telemetry transmitters. One of the
transmitters has been utilized all the time

as a tracking beacon, the other to transmit
either the encoder or the horizon scanner

data. This set of transmitters was considered

a redundant configuration, since if one trans-
mitter survives, the data and tracking func-

tion can be time-shared. Time-sharing can

be implemented from ground at the discre-

tion of operating personnel.

Reliability Analysis

To determine the value of redundancy and

to provide a measure of the inherent relia-

bility of the spacecraft, a reliability analysis

was performed. The reliability analysis was

based primarily on the application of each

part under the specified electrical and ther-

mal conditions. The expected failure rates

(h) associated with each equipment were
calculated, along with the associated system

survival probability (P+):_ The lat__r was the

result of integrating the data on expected
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failure rates within the mathematical reli-

ability model.

The failure rate of an equipment is the
sum of the failure rates of the involved com-

ponents and has the following relationship
to the unit's probability of survival:

Ps -- cat

where t--duration of operationin hours.

The mathematical model expresses, in con-
cise language, the complex interplay between

various equipment, based on the assumption

that chance failure of any element is not

related to the chance failure of any other

element. This relationship is based on appli-

cation of the general rule of multiplication
for the probability of jointly independent
events to the probability of successful oper-

ation of all equipment. When elements are
made redundant, the reliability expression

follows the binomial expansion. For 1 out
of n redundant functions operating, the
survival probability is given by:

Ps = 1--(l--P,)-

Reliability Predictions

Two separate:modeisand a composite of
the two were developed to determine the
reliability of three modes of transmission.

The results, of the parts program and the
system reliability analysis, improved the in-
herent reliability of the complete communi-
cation system to 0.951, the wideband TV and

narrow-band transmission subsystem to
0.992, and the telemetry transmission sub-

system to 0.959. These values represented
gains of 1.5, 11.7, and 2.76, respectively, over

the non-redundant counterpart. Table 12-3
is a tabulation of both the non-redundant
and redundant areas to illustrate the relia-
bility gain.

DESIGN, CONSTRUCTION, AND TEST

General

The high reliability parts list, derating

policy, and redundancy requirements were

integrated into the design. A technical ad-

visory staff, consisting of qualified specialists

TABLE 12-3.--Summary of Results of Reliability

Analysis

Circuit

System power supply ................

Solar panels ......................

Voltage limiter ....................

Battery charge & control circuit ....

Series diodes to unregulated bus ....

Command circuitry ..................

Command receiver and demod ......

Non-redundant

0.9814

0.9997

0.9972

0.9854

0.9991
0.9525

0.980

Coupling circuit ..................................

Redundant

0.9961

0.9997

0.9972

09993

0.9991

0.9978

09996

0.9994

Decoder .........................

Telemetry circuitry .................

Eneoder .........................

Horizon scanner & SCO ............

Modulator-eneoder switching .......

Telemetry transmitter .............

_ride-band transponder ..............

Regulator ........................

On-command .....................

Receiver .........................

TV-phone switch ..................

2 minute timer ....................

Transyait t er ......................

TV-phone drive ...................

Off-command .....................

Communications system .............

0.972 0.9992

0.9375 0.9570

0.9716 0.9716

0.9874 0.9874

0.9957 0,9957

0.9806 09806

0.9912 0.9996

0.9985 ............

0.9998 ............

0.995 ............

0.9999 ............

0.9996 ............

0.9987 ............

0.9998 ............

0.9999

0,9266 0.951

who were not connected with the design
effort, reviewed all designs; skilled tech-

nicians, in clean-room areas fabricated equip-
ment under the close monitorship of quality
control inspectors; and elaborate qualifica-
tion and acceptance tests were conducted to

demonstrate the ability of the spacecraft to
deliver the required performance.

Malfunction Reporting and Analysis

In order to provide an effective program
for continued reliability control throughout
the spacecraft development, all malfunctions,
including failures and adjustments necessary
to maintain performance, were closely mon-
itored and reported. All malfunctions were
analyzed, categorized, and corrective action
was instituted. -

The purpose of malfunction data collection
and analysis was twofold :

1. To determine whether the final product
actually possessed the reliability designed
into the circuit. =.....

2. To indicate and eliminate problems
arising from design, system integration, and
testing.
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Orbital Malfunction

Despite the careful attention given to all

details of spacecraft design, production, and

test, one failure mode eluded detection and

did not appear until Relay was in orbit.
This was the inability to turn off one of the

high power regulators and its associated

wideband repeater. Rapid analysis indicated
that excessive reverse leakage current in the

high power regulator series pass transistors
was keeping the regulator on, although it

was commanded off. Additional analysis and

background investigati(Jn-led us to suspect

a dew point problem. Vendor

Dew Point : .=

The reverse current of a transistor theo- _1

retically should decrease with decreasing _2
#3

junction temperature, over the temperature

range of the device. Actually, in most tran-

sistors as the temperature decreases from

room temperature to 65°C the reverse cur-
rent goes through a maximum value between

room temperature and 65°C. The temper-
ature at which this maximum value of re-

verse o_cwrs is called the transistor's-dew

point temperature. IihyslcalIy, it is a result

of moisture (in the sealed atmosphere of a

transistor) saturating the atmosphere and

precipitating on the active surface of the

device at this temperatu_.- _The moisture
interacts with any contaminant on the sur-
face of the transistor and thereby increases

the leakage component of the reverse cur-
rent.

Verification

Based on the-above-analyses, a series of

tests was organize d with the following spe-
cific objectives :

1. Determine the magnitude of the dew

point currents and the dew point tempera-
tures for sample lots of each of the power

transistor types-hsed in the regulators.
2. Obtain a measure of how the leakage

values of the transistors used in the satellite

compare with those of competing vendors.

_3. Determine the_effec_ of high dew-point
current on the operation Of thereguiators.

2G9

The Ic,o breakpoint between good regu-

lator operation and poor operation at 0 to

_30°C temperature was found to be 1 ma.

That is, for dew point currents of less than

I ma, the regulator, in most cases, would

turn off properly.
Power transistors were tested from three

vendors for the presence of significant dew

point effects between 0 and --65°C with the
results shown in Table 12-4:

TABLE 12-4. Transistor Dew Point Frequency

No. of
transistors

tested

295

43

2O0

No. exhibiting
dew points

170

2

7

Percent

57,6

4.7

3.5

The sample lot of transistors identical in

type (and vendor) to that used as the pass
transistor in the high power regulator had a

61 percent occurrence of dew point effects,

and 40 percent of these dew point units had
a high enough leakage current to prevent

regulator turn off.

Once the problem was understood, its

solution was apparent: regulator turn-off

would occur at a time when the temperature

moved away from the dew point region. The
redundant regulator was used to complete

the mission, once the faulty regulator turned
off.

Epilogue

In view of the above conditions, it was

apparent that dew point criteria and leakage

tests bad to be included in all future power
transistor procurement specifications, and

equipment had to be tested throughout the

temperature range, rather than at specific

maximum, minimum, and typical tempera-
tures.

QU iIT  CO'TROL"
Oeneml

The function of the- quali_:_ -c0ntr6l effort

on Project Relay was-to ensure the mainte-
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nance of design reliability throughout fabri-

cation, testing, and pre-launch activities. To

accomplish this, the quality control organiza-

tion was divided into two functional groups:

material quality control and product quality
control. MQC (Material Quality Control)

had cognizance over all purchased material,

preconditioning, and vendor quality control

activities. The PQC (Product Quality Con-

trol) was charged with responsibility for all

fabrication and all activities until spacecraft

launching.

Vendor Control

As each vendor was selected, a detailed

quality control survey was performed by

MQC personnel. Conformance to MIL-Q-
9858 was used as a minimum standard for

all vendors. When vendors were found to be

weak in certain areas, repeat visits were

made until the situation improved.

The nature of the Ni-Cd battery manufac-

ture necessitated placement of a full-time,

resident, field quality control representative
for the duration of the procurement.

The solar cell procurement was also crit-

ical. Detailed flow charts were prepared for

every stage of panel fabrication. The solar-

panel, in-process, manufacturing flow-chart

is shown in Figure 12-8.

Because of the encoder complexity (over

5000 separate electronic parts and extreme

packing density) special quality control ef-

forts were made by placing a full-time prod-
uct assurance representative in residence at

the vendor's plant.

Preconditioning

All parts were preconditioned by Pur-

chased Material Inspection in accordance

with the reliability requirements for Project

Relay. These parts were individually identi-
fied in such a way as to indicate to both

Engineering and Manufacturing that they

were suitable for use. If, at any point in the

fabrication process, the part identification

was missing, a part history inventory file was

consulted, which resulted in proper part
identification.
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FIGURE 12-8.--Solar panel in-process manufacturing

flow chart.

Product Quality Control

A key tool used by the product quality

control group was the flow process chart.

A typical black-box chart is shown in Figure

12-9. This chart indicates the inspection

stations and the specific inspections during
assembly, integration, and test. Standards

were developed to ensure the application of

highest levels of workmanship, commensu-

rate with the fabrication of Military and

Space equipment. These standards were com-

patible with the requirements of Project

Relay.

As a general rule, every unit was sub-

jected to an inspection after the completion

of each operation in the fabrication process.

The basic inspection was performed by pro-

duction inspectors and rechecked by quality

control inspectors. Periodic audits of the

competence of inspection and the inspectors
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FIGURE 12-9.--Voltage regulator in-process manu-

facturing flow chart.

were conducted by another group within the
quality control organization.

To facilitate auditing, and to prevent the
inadvertent omission of any inspection, a

travel tag was filled out and accompanied
each unit. All subassemblies had travel tags
which were removed and integrated with the
final unit tag. Before any unit was moved

to the next operation, the travel tag had to
have a quality control stamp indicating its
acceptance at this point in the process.

The product quality control group per-
formed a vital function in monitoring tests.
All formal acceptance testing, from compo-

nent level to spacecraft prelaunch tests, were
witnessed : to ensure that the prescribed test
procedure was followed; to verify that all

anomalies connected with the performance
were recorded in the log books and subse-

quently corrected; and to see that the per-
formance characteristics noted during tests
were within the specification limits.

Manufacturing Environment and Handling

To obtain the highest level of quality on
the spacecraft, controlled manufacturing en-

vironments were employed. All operators
were required to wear smocks, and airlocks
were used to control entrances to the integra-

tion area. All work performed on the space-
craft was monitored by a product quality

control representative.
Prior to moving the spacecraft to any

environmental test area, a detailed handling

procedure was written and had to be ap-
proved by the quality control and project

office personnel. At least one dry run was
made prior to any actual movement of the
spacecraft.

Log Books

The use of the log books proved to be of

great value in ensuring that highestlevels

of reliabilitywere obtainedinthe equipment.
The books were of inestimablevalue in de-

sign reviews.

A serializedlog book was prepared for

each black box, subsystem, and system. The

primary responsibility for maintaining the
log book was that of the engineer. These

books were periodically reviewed by super-
visors, by reliability, and product assurance

personnel.
All assembly information, test results,

and any other anomalies were entered in the
log book. Simply stated, the log book was a
chronological history of the unit through all

of its experience from inception; time and
effort spent in compiling these records were

well spent.
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Chapter 1

The Relay Experiment Plan

INTRODUCTION

The success of Project Relay required that

the participation of a large number of earth

stations be closely coordinated. This dictated

an experiment plan which would reflect the

experimental capabilities of all the stations
and facilitate the scheduling of experiments

to be conducted by the various stations on

each pass. This was of particular importance

during the initial few weeks after launch, in

light of the uncertain lifetime of the satellite

and the need to collect as much data as pos-

sible. The unique characteristics of a satellite

relay further imposed rather stringent re-

quirements on the experimental methods.

Short visibility periods (in the order of 30

minutes) required that the ground Stations

be capable of high data-gathering rates and

provide means to permanently record data

for subsequent analysis. Time variation of

many of the other parameters such as range,

spacecraft antenna gain (look angle), ground

antenna elevation angle, antenna pointing

error, and Doppler shift also made it neces-

sary for data to be taken in very rapid se-

quence.

To aid in the preparation of such a plan,

each of the participating stations was asked

to submit a detailed experiment plan includ-

ing test equipmefit, procedures, and test

points, concerning those tests in which that

particular station would participate. These

detailed plans were necessary to determine

the compatibility of the various stations

275
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with one another, with respect to levels, test

signals, standards, etc. This information was

presented in the Relay Experiment Plan in
an abbreviated form, giving the general pur-

pose and description of the individual ex-

periments, and the test procedures for each
of the stations. It was not the intent of the

Experiment Plan to give step by step detailed

operating test procedures, but only to present

those pertinent test features which would

affect operation with other stations or the

analysis of the resulting data.
Test and ground stations which participate

in communication experiments are listed in

Table 1-1 along with their location. The

Relay test stations, although principally in-

volved with checking and monitoring the

spacecraft performance telemetry and testing

of the wideband communication system, also

have limited communication experiment

capability.
As new stations became operational, the

experiment plan was revised to include the

capability of these stations. Suggested new

experiments and revisions of the original

experiments were also incorporated in the

plan in the course of its use.
Table 1-2 summarizes the basic participa-

tion and frequency capability as to narrow-
band and wideband modes for each of the

stations.

FORMAT

The communications experiments have been
divided into three classifications: wideband

: i± [;_
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TABLE 1-1.--Stations Participating in Relay

Experiments

Station Location

Test

Nutley, New Jersey, USA .......

*Mojave, California, USA .......

Ground

Andover, Maine, USA ..........

Fucinn, Italy .................

Goonhilly, England ............

Pleumeur-Boudou, France ......

Rio de ffaneiro, Brazil ..........

*Raisting, Germany .............

*Ibaraki Prefecture, Japan .......

*Kashima-maehi. Japan ..........

40.816 ° North Latitude

74.1670 West Longitude

35 ° 17' 48 w North Latitude

116 ° 53' 57 wWest Longitude

44 ° 37 r 55 x North Latitude

70 ° 41' 54 J West Longitude

41 ° 58' North Latitude

13 ° 36' East Longitude

50 ° 2' 58 WNorth Latitude

5° 10' 29 u West Longitude

48 ° 47 t 13 _ North Latitude

3 ° 31' 30 _ West Longitude

22 ° 57 _ 9_ South Latitude

43 ° 22' 7v West Longitude

47 ° 54 _ 15 WNorth Latitude

11 ° 6' 34 _ East Longitude

36 ° 41 _ 40" North Latitude

140 ° 41' 43" East Longitude
35 ° 57' 10 _ North Latitude

140° 39' 58" East Longitude

*Indicates stations which have been added since the initial launch

of Relay.

performance experiments, narrowband per-
formance experiments, and system demon-
stration experiments. These categories make
up all of the regularly planned communica-
tion experiments performed by the Relay
test and ground stations with the spacecraft
in either the wideband or narrowband mode.

Tests may be performed in both a loop and
straightaway configuration. That is, loop if
the station transmits to the satellite and re-

ceives the same transponded signal from the
satellite ; and straightaway if the test is made
between two stations. Straightaway tests may
be either one-way or two-way. Table 1-3
lists the communication experiments as they

appear in the Relay Experiment Plan. Wher-
ever possible the recommendations of CCIR
have been followed in keeping with the in-
ternational character of Project Relay.*

Performance Experiments

System performance experiments--wide-
band and narrowband--are intended as

objective tests to obtain quantitative and sta-
tistical data on the electrical parameters of
the system by analyzing the response to care-
fully controlled excitations. From these data

we may determine :
1. Compatibility of the selected communi-

cations system configuration with the require-
ments imposed on the system by performance
criteria, in an operational environment.

2. The characteristics of observed per-

formance degradation during the communica-
tions lifetime of the satellite with particular
emphasis on applying failure mode informa-
tion to future designs.

3. The effects of the unique environment
imposed by an orbital system (i.e., Doppler
shift, acceleration effects, etc.) on the elec-
trical parameters normally used to define the

performance limits of a quality wideband
microwave relay system.

4. System design parameters to be recom-
mended for future satellite relay programs.

Performance data are primarily intended
to confirm a system capability for quality

monochrome television and frequency divi-
sion multiplex (FDM) telephony. Informa-
tion has been accumulated in the areas of

insertion gain and gain stability, phase char-
acteristics, distortion, intermodulation, inter-
ference, and noise.

In order to establish system performance
in these areas, a substantial number of tests

is required. In addition, data from many of
the experiments must be correlated with re-

ceived signal strength, spacecraft wideband
subsystem performance telemetry, spacecraft

attitude, ground antenna elevation angle,
ground station performance parameters,
weather conditions, etc.

Data concerning baseband Doppler shift,
absolute delay and tracking were also ob-
tained. While a large number of tests is not

required to establish these parameters, they
are of utmost importance to the performance
of the system.

System Demonstration Tests

The system demonstration experiments em-
phasize quality television and telephony, but

*Consultative Committee on International Radio
(CCIR, Documents of the IXth Plenary Assembly,
Los Angeles, 1959, Vol. I, Recommendations), pub-
lished by the international Telecommunication
Union, Geneva, 1960.
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Station

Andover, Maine .......

Fucino, Italy ...........

Goonhilly Downs,

England.

Nutley, N.J.

(Ground Station).

Pleumeur-Bodou,
France.

*Raisting, Germany

(COMGEA).

Raisting, Germany

(COMGEB).

Mojave, Calif.

(Test Station).

Rio de Janeiro, Brazil.

Ibaraki Prefecture,

Japa n •
*Kashima-Machi,

Japan.
Nutley, N.J.

(Test Station).
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WA_LEl-2.--Summary of Participating Station Capab_Titles

Wideband

Transmit 1 Receive(Me) (Me)

1725 4169.72

.......... 4169.72

1725 4169.72

1725 4t64.72

1725 4169.72

......... 4169.72

1725 4169.72

1725 4169.72

Narrowband

Transmit Receive
(Mc) (Mc)

1723.33 4164.72

1726.66 4174.72

......... 4164.72

4174.72

1723.33 4164.72

1726.66 4174.72

1723.33 4164.72

1726.66 4174.72

1723.33 41.6472

1726.66 4174.72

.....................

Multiplex
(two-way)

(12-60 ke) (60-108 kc)

X X

X X

X X

X X

X X

X X

1726.66

"1723.33

'1726.66

1726.66

.......... "4164.72

"4174.72

1723.33 4164.72

1726.66 4174.72

4164.72
4174.72

"4164.72
"4174.72

4164.72

4174.72

X

*X

X

X

X

X

*X

X

X
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One-way
noise loading

Channel Channel

X X

X X

X X

X X

......................

X ........

X X

*Futur_ Capabilities

T ABL_--_:---Communication
Experiments .......

,.: Z
100 SERIES--WIDEBAND PERFORMANCE EXPERIMENTS

110 Reee_ed carrier power

ii 1 Received carrier power---normal

112 Received carrier power--spechl

120 Insertion gain stability
121 Audio

122 Composite video

123 Selective fading

130 Noise measureme_s

131 Continuous random noise--video

132 Continuous random nolse--audio

133 Impulsive noise--vldeo

134 Impulsive nolse_audio

135 Periodic noise--video

136 Periodic noise_audio

137 Baseband noise spectrum1

138 Satellite noise

I39 IF noise andlnterference

140 ,Linear distortion

141 Field-time distortion

142 Line-time distortion

143 Short-tlme distortion ("2T" and "T" sine-squared

pulses)

144 Amplitude:frequencY characteristic--baseband

145 Phase-frequency eharacter_tle--ba_band

146 Amplitude-frequency characterlstic--RF

147 Amplitude-frequency characteristlc--audlo

150 Nonlinear distortion

151 Lin_time non-linear]ty (_fferentlal gain)

152 Envelope delay distortion (differential time delay)

153 Synchronization non-linearity

154 Audio distortion

155 Intermodutation--harmonie

156 lntermodulation--noise loading

157 Intcrmodulation--vldeo to audio

160 Interference

170 Special transmission tests

171 Baseband doppler shift

172 Absolute delay

173 Tracking

180 Television test patterns

181 Monochrome

182 Color

200 SERIES--NAIIROWBAND PERFORMANCE EXPERIMENTS

200 Recelred carrier power

211 Reeeivcd carrier power--normal

220 Insertion gain stab_Tity

221 Selective fading

230 Noise measuremenls

231 Continuous random noise

232 Impulsive noise

233 Periodic noise

234 Satellite noise



278 RELAY I--PART II

TABLE 1-3.--Communication Experiments

(Continued)

240 Linear distortion

24I Amplitude-frequency characteristic--baseband

242 Phase-frequency characteristic--baseband
250 Nonlinear distortion

251 Envelope delay distortion (differential time delay)

252 Intermodulation--harmonic

253 Intermodulation--noise loading

254 Intelligible crosstalk

260 ln_crferencs

270 Special transmission tests

271 Baseband doppler shift

272 Absolute delay

273 Tracking

274 Clock pulse synchronization

275 Multiple loop

300 SERIES--SYSTEM DEMONSTRATION EXPF_RIMENTq

310 Television
311 Monochromc

312 Color

313 Narrowband

320 Telephony

321 Onc-way telephony

322 Two-way telephony

330 Digital data transmission

331 High data rates
332 Medium data rates

340 Program material

341 Music

350 Comparison of relay and other communication channels

351 Teletype transmission

352 Facsimile transmission

353 High-rate teletype transmission

360 Multiple satellite tests

also include a variety of other data forms

such as high bit rate digital data, facsimile,
and multichannel teleprinter transmissions.
Several of these experiments have been used
for public demonstrations of satellite com-
munications. The intent of these experiments
is to demonstrate both a system transmission

capability for a variety of signals, and pro-
vide :

1. A measure of the link quality for mono-
chrome television by investigating a number
of picture characteristics including resolu-

tion, synch compression, streaking, smearing,
set up, ringing, echo, interference, etc.

2. Teletype error rates for a number of
channels distributed throughout the available
baseband.

3. An evalution of telephony quality for
channels distributed over the baseband with

particular emphasis on crosstalk, distortion,
time delay effects and signal-to-noise ratio.

4. Determination of bit error rate for digi-
tal FSK at a variety of signaling rates.

5. An evaluation of facsimile transmission

at medium rates checking definition; skew
and slippage.

6. A comparative performance analysis for
telephone and voice transmission using data
available from other channels including land

lines, submarine cables, high frequency radio
and scatter systems.

As in the case of the performance experi-
ments, these data must also be correlated
with the various time-varying parameters of
an orbital system.

DESCRIPTION OF EXPERIMENTS

In this section we give brief descriptions
of the experiments indicated in Table 1-3.
However, since there is a good deal of re-
dundancy in the experiments themselves, e.g.,
narrowband and wideband, it is more con-
venient to discuss them in terms of the

broader category headings rather than indi-

vidually. More detailed descriptions of the
individual experiments are given in the Relay
Experiment Plan.*

Received Carrier Power and Insertion Gain

Received carrier power is of fundamental
importance and is measured by all participat-
ing stations. This measurement is made by
monitoring the ground receiver AGC signal
and comparing with a calibration curve. A
typical calibration curve (normalized to read

received carrier power directly) is shown in
Figure 1-1 along with the actual measured
carrier power for a particular pass.

Insertion gain measures the effective gain
of the entire link. A signal of known level
is inserted at the input and the level of the

received signal measured at the output. This
test establishes a reference level and checks

compatibility of the baseband equipment as
to signal level at the input and output. Vari-
ations of the insertion gain with position in
the baseband and with time are also meas-

ured to determine selective fading and long-

term gain drifts. There should be no signi-
ficant variations with these parameters. The

*"Relay Communication Experiment Plan," R1-

0521A, prepared for Goddard Space Flight Center,

Greenbelt, Maryland, 1 December 1963.
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1

_ MU, St_ED II_EIVED pc,wtx
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FIGURE l-l.--Receivedcarrierpower (Goonhilly).

CCIR recommendations have been used as

performance objectives for Relay. These are:

Insertion gain: 0 db _ 1 db

Shor-t--per-]o-d (e,g., 1 second) variations:
(i.3=db + ::

Medium-period (e.g., 1 hour) variations:

± 1.0 db

Noise Measurements

The various noise measurements are de-

signed to determine the signal-to-noise ratio

for each mode of operation. Measurements

are made for both video and telephone trans-

mission. The principal measurement in both
cases is of continuous random noise, periodic

and impulsive noise being of secondary im-

portance. In general, the tests are made in
accordance with CCIR recommendations.

Two main characteristics are of interest

in measuring random noise: the amount of

noise and the distribution of the noise over

the baseband spectrum. In television, noise

is more objectionable at the low-frequency

end of the band. Weighting networks are

commonly used to account for this effect and

make the measurements correspond more

closely with the resulting picture quality. Fig-

ure 1-2 shows typical weighting curves used
in the measurement of noise for television.

The sharp peak in the curve for color tele-

vision is at the color subcarrier frequency

which is quite critical. This weighting factor
is such that the unweighted signal-to-noise

ratio in db is equal to the weighted ratio in

db minus the weighting factor, which is also

given in db. In this context, signal-to-noise
ratio is the ratio of the peak signal power to

the RMS noise level. Because of the nature

-5-

MONOCHROME

-is

-20

-25

-ao I I I t

5o too _ 100o soooio,_
FREQUENCY - kc

FIGURE l-2.--Random noiseweightingfor
monochrome and colortelevision.

of the television Signal' the signal level is

taken from peak white to peak black.

The CCIR recommends a signal-to-noise

ratio of 50 db, weighted in accordance with

CCIR weighting. For the Relay system, the

requirement is 43 db for the smaller stations
and 50 db for the larger stations. The weight-

ing factor applied is that shown in Figure
1-3 for the 405- And 525- line systems,

namely 12.3 db. Subtracting the weighting
factor from the 43-db requirement for the

t (,H)

L 1_ H) = 75 r(# +); C (pF) = _106

INSERTION LOSS (db) ° 10 LOG (1 ÷ e 2 r 2)

Number Theoretical Weighting, db) for:

of Lines fc{Mc/s} _ --fcT "Whiie" Noise "TrianguLar n Noise

405 3 0.33 1.0 6.5 i2+3

5Z5 4

625 S 0+33 1.66 8.5 16.3

6Z5 6 0.33 2.0 9.3 i7,8

8i9 5

819 tO 0,166 1.66 8.5 16.3

Note: fc is the nominal upper video-frequency limit of the system (Me/s}

FIGURE l-3.--Continuogs r_ndo_ noise weighting

networks.

: :=: :
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smaller Relay stations, we obtain an un-
weighted signal-to-noise ratio of 30.7 db as
that required for an acceptable picture. It
should be stressed again at this point that the
determination of what is an acceptable pic-

ture is an empirical one, not based on any
theoretical calculations. It is the result of

subjective tests, based on viewer reactions.
A study was made at STL to arrive at some
sort of lower limit of acceptability: in this
study, noise was added to the picture in meas-
ured quantities to simulate a range of signal-
to-noise ratios. It was found that in the

judgement of most viewers, a picture quality

corresponding to about 30 to 35 db unweight-
ed signal-to-noise ratio was a rough lower
limit of acceptability.

The relation of video signal-to-noise ratio
to the parameters of the transmission system

is given by the equatio_n

where

Fp__ -- The peak-to-peak deviation of the
signal

F,, -- The maximum frequency of the
baseband information

N--3 -: The multiplication in the spacecraft
@v ---- The received noise power spectral

density in the spacecraft

@_ ---- The received noise power spectral
density at the ground

S,_ -- The received signal power in the
spacecraft

S, -- The received signal power at the
ground

The situation for telephony is slightly dif-
ferent. In frequency-division multiplex tele-
phony by a frequency-modulated carrier
(FDM/FM) as in Relay, random noise is
much more pronounced in the higher channels

of the baseband. It is the objective of any
such system to achieve equal signal-to-noise
performance for all telephone channels across
the baseband. To illustrate how this comes

about, consider an FM receiver which is to

demodulate an FDM/FM signal consisting of

I--PART II

_r____ lO_-CMPHAs,s_._ _ASE_ASO

.o,_ I I I I I . I L_."_LJ ......
G_(O Oz(')

FICURE 1-4.--Typical FM receiver,

numerous telephone channels. Such a system
is shown in Figure 1-4.

The continuous random noise can be con-

sidered to originate in the front end of the
receiver and to have a spectrum which is flat,

as in Figure 1-5. @_is given by noise tem-
perature or noise figure of the receiver.

If the carrier-to-noise ratio is sufficient for

the receiver to operate above threshold, then

the noise spectral density is (¢JS_) p at the
output of the discriminator G,_,(f). This has

the form shown in Figure 1-6.

G1 (0

fc

IFCARRIER

FIGURE 1-5.--Noise spectrum in FM receiver.

G2 (0

[o BWil

FZGURE 1-6.--Noise spectral density.

An examination of the spectral distribu-
tion of the noise at the discriminator output
reveals that the thermal noise in the higher
channels of the baseband is considerably

greater than in the lower channels. A speci-
fication of the allowable noise power under
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these circumstances must refer to the top channels are checked individually to deter-

channel where the noise is maximum. In mine the actual frequency distribution of the

order to remedy this, pre-emphasis can be ap- thermal noise throughout the baseband.

plied at the transmitter followed by de-em-

phasis in the receiver. With pre-emphasis,

the signal-to-noise ratio of the individual tele-

phone channels should be approximately the

same throughout. The actual pre-emphasis

characteristic being used for Relay I (speci-

fied by CCIR) is shown in Figure 1-7.

5 --

4--

_._ 3--

Z
O 2--
I--

T_

-1--

-41--

-5' I
0.02 0.04

,l I I I
0.1 0.2 0.4 1.0 2.0

NORMALIZED FREQUENCY fmax fr

FIGURE 1-7.--CCIR pre-emphasis characteristics

The technique for measuring noise is nor-

mally to pass it through a bandlimiting filter

which passes only the frequencies of interest,

and then through a weighting network. A

power=reading meter is then used to measure
the RMS value of the noise. Figure 1-3

shows the CCIR recommendation for a noise

weighting network. Actually, these measure-
ments are made both with and without CCIR

pre- emphasis/de-emphasis and weighting
network. This is necessary to establish the

shape of the noise spectrum and determine

the effect of these techniques.

Linear Distortion

Two principal methods are used to deter-
mine the linear distortion of the wideband

signal. The first method employs standard
CCIR video test signals* in order to test

the frequency response of the system to low,

medium and high baseband frequencies.

These are the field-time, line-time and short-

time distortion experiments respectively. The

second method consists of measuring the

steady state response or amplitude-frequency

for multiplex telephony. _and phase-frequency characteristics of the

-:: system. This method is also applicable in

A specification on allowable thermal noise: :_ _ narrowband mode.

power has been made for the system--for Measurement of field-time distortion is

Relay I. It is either 7500 pw or 50,000 pw

psophometrically weighted at zero relative

level, depending upon the quality of the

ground station receiver. A measurement of
the actual thermal noise is a check on the

system parameters, such as transmitter

power--both ground and spacecraft_ fre-

quency deviations, and bandwidth.
In the measurement of thermal noise for

Relay I a 1-kc tone of 0 dbm0 (1 milliwatt

at zero relative level) is intermittently ap-

plied to the lowest and highest channels. At

the output the signal and noise levels are
measured with a true RMS meter.

\ The purpose of the tone is to establish the
_'Vference level at the output for determining

noise power at zero relative level. All

\

made by transmitting a square wave at 50
ov 60 cps with maximum and minimum am-

plitude corresponding to the peak white and

peak black levels; line-synchronizing pulses

also being transmitted at the same time

(CCIR Test Signal No. 1). The received

square wave is observed on an oscilloscope,

and the amplitude across the top of the wave

observed. Maximum and minimum ampli-

tudes are established on the basis of qualita-

tive evaluation of the resulting picture.

Line-ti/ne distortion is measured using a

test signal consisting of a half-line bar with

*Consultative Committee on InternationaI Radio

(CCIR, Documents of the IXtb Plenary Assembly,

Los Angeles, 1959, Vol. I, Recommendations), pub-

lished by the International Telecommunication

Union, Geneva, 1960.
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sine-squared transitions (CCIR Test Signal
No. 2). For short-time measurements, the
test waveform has a sine-squared pulse pre-

ceding the bar. The pulse is either a "2T"
pulse (half-amplitude duration of 0.33 _sec)
or "T" pulse (half-amplitude duration of 0.17
_sec) ; the former being useful for evaluating
amplitude and phase distortion in the 0.5 to
1.5 Mc region and the latter useful up to
about 3.0 Mc. Distortions of the bar portion

of the signal indicate response deficiencies
up to a few hundred kilocycles. Ringing fol-
lowing the abrupt transitions is indicative of
phase distortion. The received signals are
generally displayed on an oscilloscope and

photographed for later analysis.
Amplitude-frequency characteristics are

determined either by inserting discrete tones,

or by sweeping a sinewave across the
baseband and displaying (or measuring
point-by-point) the received signal. The
phase-frequency characteristic is determined
by sweeping a pair of frequencies (with fixed
separation) across the baseband and measur-
ing the phase of the received difference sig-
nal. A direct measurement of the modulation

delay of a swept subcarrier may also be

made, since delay is the derivative of phase
with respect to frequency.

Nonlinear Distortion

Nonlinear distortion measurements evalu-

ate the departure from linearity in the sys-
tem and the attendant signal distortions. In
an FM system, these nonlinearities can arise
in the baseband, IF and RF equipment. Non-
linearities of the system may be expressed

as a power series in the input variable, a
percentage of harmonic distortion, or as a
differential gain. One type of test signal
used for these measurements consists of a

low-frequency stairstep, ramp or sinusoid of
high amplitude with a superimposed high-
frequency, low-level sine wave. The high

amplitude signal sweeps over the range of
interest (black-to-white in the case of tele-
vision) and the amplitude and phase varia-
tions of the high-frequency signal over this
range are a measure of the differential gain

and envelope delay respectively.
Differential gain in an FM system is pri-

marily due to baseband equipment. If the
nonlinear input-output characteristic is rep-
resented by a power series,

vo ----al V_ -4-a2 V_2 -4- a3 Vi 3 +

the differential gain can be expressed by

D.G.----I_-2 a.2 v + 3 a:L v2 +
a, a,

where V is the amplitude of the low-fre-

quency sweep component of the input test sig-
nal described above. This expression assumes
the system is basically linear and neglects the
compression and higher order terms. CCIR
recommends that the ratio of the minimum

to maximum values of differential gain, over

the range of interest, be greater than 0.8.
The identical type of signal is used to

measure differential time delay or envelope
delay. Envelope delay is proportional to the

phase shift of the high-frequency component
and it is this phase shift which is actually
measured. This may be seen from the follow-
ing simplified derivation. Figure 1-8 shows
a typical test setup. Consider an input signal
to the FM deviator of the form

V,(t)= V(t) + v cos _ht

where V(t) = low-frequency, high amplitude
sweep signal and v cos oht = high-frequency,
low-level superimposed signal. The output of
the FM modulator is then

e,(t) = E, cos [_ct+0(t)]

where

0(t) = k, [V(t) + v cos _,,t] = _,

At the output of the transmission link the
signal is

eo(t) = Eo cos [.oct + O(t) + fl(_,)]

where f_ (_,_) is the phase shift introduced by
the link due to the phase-frequency character-

istic of the transmission path. The output of
the FM demodulator is proportional to the
derivative of the incoming phase so that

e.(t) ----k2 [_(t) +/_((,,,)]
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FmURE 1-8.--Test setup for measurement of differential phase (envelope delay).

Writing

/}(_,,)= dfl _ dfl d_ _ dfl
dt d_ dt d_

and substituting in the above expression, the

demodulator output becomes

e,,(t) = k,k.,[ V(t)+v cos _ht

dfl (z(t)--w,h dfl sin _,t]-I- d_ d_i

After filtering out the low-frequency terms

in V(t) and lY(t) " the high-frequency com-

ponent of the demodulator output is

e'D = klk2 v [cos _t -- _h dfl__sin o,,,t]
d_,

= A (_,)cos(_,,t+4_)

where

[ dfl " ] '/''A(w,) -- klk2 v 1 -_ (_,,, do,_ )

dB
= tan' ,o,, (_-_)

Note the coefficient A(_) is the amplitude

of the received high frequency component

and the variations of this amplitude with fre-

quency represent the differential gain men-

tioned previously.

¢ is seen to be the phase shift of the re-

ceived high frequency component; differen-

tial phase is the variation of this phase'shift,

over the sweep range of interest, from a

constant value. Normally, the phase shift is

small and tan _ can be replaced by _, so that

tan _ _ _ ---- _h_,_

dfl/d,,,_ is variously known as envelope delay,

group delay or differential time delay T. This

is the parameter commonly displayed.

If the phase-frequency characteristic is ex-

pressed as a power series, the corresponding



284 RELAY I--PART II

expression for envelope delay is obtained by

differentiating with respect to frequency.

fl-- bl_+ b2_o_2 + bali s • . •
T = bl -4- 2b2_ 4- 3bs_ 2 + • . •

Therefore, linear delay corresponds to para-
bolic or second order phase distortion, para-

bolic delay to third order phase distortion,
etc. The constant delay b, corresponds to
linear phase and does not cause distortion
but merely represents a time delay in the
received signal.

For multichannel telephony the most im-
portant test is the measurement of inter-
modulation noise. This is just the noise or
distortion of the signal which arises from the

system nonlinearities. Again consider a pow-
er series representation on the nonlinear in-
put-output characteristic.

Vo = alV_ + a2V_2 + aaV, s + ....

Presumably the system is basically linear so
that a, is much larger than the higher order
coefficients.

Considering only the second term this is
second order amplitude distortion

V2 -- _ V_2

If the input is a tone V_ = k cos o_t,then

V2 -- a:k 2 cos 2_t -- a'-'k2 _- a"k2 cos 2_t
2 2

If the input is two tones

V_ -- kl cos mt 4- k2 cos _2t

V2 = a_ (kt cos _lt 4- k2 cos _:t) 2

__ a2 (k12-4-k,., 2) _jr_ a2kl-----_z cos 2rot
2 2

4- _a2k_ cos 2o,_.t+ a2klk., cos (COl -Ji- ¢02)t

2

4- a.zklk,, cos (m -- _2)t

Figure 1-9 illustrates these relationships.
If the input is a band of noise of constant
spectral density, then the output is a tri-
angular band of noise.

This can be derived by considering the band

of noise to be made up of a large number of

AMPLITUDE SPECTRUM a2V 2 o3V 3
i

3a3 k3

a2k2 a2k2 4

I-t- Ik cos _t 4

, J
I_ i,i 2u u 3_

kl = k2

TWO TONES J kl k2

k,cos u,t J l t+ k2cos u2t . ] l

BAND OF

WHITE NOISE

v,i
3

It,
9/4a3k 13 3,/4a3k _

_  tlt tttt
,  'SX

C,4 ¢'4

B 2B B 2B 3B

FIGURE 1-9,--Components of noise spectrum.
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equal amplitude sine waves. Consideration

of the harmonic and cross-product terms

resulting from the nonlinearity a.._V_2 will

result in the triangular spectrum with the
highest frequency component at 2B.

The third term, or third order amplitude

distortion, produces a similar effect. For a

single tone input, Vi- k cos _t

v3 -- a_V_ a -- a:_k_ cos 3_t _- _3a:_'k:; cos ,.,t
4 4

For a two tone input to the cubic law non-

linearity, Vi -- k_ cos ,_t -t- k., cos o,._,t, the out-

put contains the following frequency compo-
nents

_1, _2, 3_ol, 3_2, 2o,1 ± _z, 2(o2 -4=-¢ol

With a band of noise as the input to the third

order nonlinearity the output is as shown in

Figure 1-9. The highest frequ?ncy compo-
nent is 3B.

Thus, the output of the-nonlinear-clev]ce

consists of harmonics and cross-product

terms due to V(-', Vj _, etc., in addition to the

frequencies present at the input, if_t!_echar.
acteristic is known to be exactly of this form

and the coefficients a._,and a3 are known, the

amount of distortion (harmoniccontent) can
be predicted by inserting a known signal

(single tone, pair of tones, or noise). A
specification of the allowable harmonic con-

tent in turn establishes the linearity require-

ment (a., and a:_) of the device.

Once the signal is converte_d t0 FM, we are

concerned with the phase-frequency charac-
teristics of the transmission path. This is

the principal nonlinearity of an FM system.
The phase variations are not of direct con-

cern_ themselves, but only the frequency de-

viations caused by them. By a similar
procedure the effects of the phase nonlinear-

ities are obtained.

The important system nonlinearities are

listed below. Amplitude nonlinearities are

mainly due to baseband equipment and phase
nonlinearities due to the transmission link.

Baseband Amplitude Nonlinearities

Second order -=_ _ V_:

Third order -- a:_ V_ "_
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RF Phase Nonlinearities

Second order = b.,_2; (linear delay)

Third order = ba,o_'_; (parabolic delay)

Sinusoidal _-- C sin (_Jo, o) ; (ripple)

Actual measurement of the intermodula-

tion noise is done by means of a noise loading
test. This test makes use of the fact that a

large number of telephone channels which

are frequency division multiplexed can be

appro×imatedb-y a white noise signal having

proper frequency limits and power level. The

power level of the noise signal is specified

by CCIR for equivalent multichannel loading

as indicated below where N_, is the number

of channels.

P,.q -- --1 A- 4 log_0 (N_), dbm0 12 < N_ < 240

P_q _--- --15 -,_ 10 log_o (N_.), dbm0 240 < N_

CCIR specifies the frequency band as the fre-
quency limits oft_eacfua] channels.

The particular channel to be measured is

cleared of noise at the input and the noise

present at the output of this cleared channel
is measured. Removal of the noise from a

specific channel does not appreciably affect

the total input signal since there are a large

number of channels (at least 12 for Relay).

Figure i-10 shows a typical test setup for

this measurement. Thus, any noise present

at the output of the origifially cleared channel

is due to harmonics and cross-products of the

signals (in this case noise) in the other chan-

nels. Thermal or random noise is also present

of course, but if the signal-to-noise ratio is

high, the thermal noise can be neglected. In

MULTICHANNEt CHANNEL

(_ANDPAS$ FILTER _'1"OP FILTER

_O MODULATOR

C.ANNEI L I

PA_S F_t T[_ ]

INt[I_tOOULAT_ON NOISE _ _ BANO SIGNAL
PtUS THER_,_t NO_5[ i t FROM DEMODULAIOR

IN SPECIFIC CHANNEL : :

FI(;ua_. 1-10.--Test setup for intermodulation
noise measurements.
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any case, the amount of thermal noise can be
determined by measuring the noise in the
channel with the entire input signal removed.
This thermal noise value is then subtracted
from the total to find the intermodulation

noise. The Relay objective for intermodula-
tion noise for the worst channel is 7500 pico-

watts psophometrically weighted at zero rel-
ative level.

Harmonic distortion is measured by insert-

ing two tones at the input and measuring the
resulting modulation products at the output.
These measured modulation products are also
used to predict the nonlinearities of the sys-

tem (e.g., linear and parabolic delay) and
serve as correlation tests for the direct meas-

urements.
Another important nonlinear distortion for

telephony is the measurement of intelligible

crosstaIk. Intelligible crosstalk arises in the
narrowband mode with two-way telephone
transmission where signals from two differ-
ent ground stations are simultaneously re-
ceived at the satellite, separated slightly in
frequency, and at different power levels.
Both signals pass through the same limiters
and amplifiers and, due to the imperfect
characteristics of these devices, interact with
each other. The effect of this interaction is to
transfer the ba_band of one carrier onto the
baseband of the other carrier at a:low level;
the result is that a listener hears another
telephone message in the background.

If complementary channel operation is
used, i.e., each person talks and listens in the
same channel, an echo is heard. Since this

type of distortion is intelligible, it is more
disturbing than thermal or intermodulation
noise. Also, it is found that an echo in the

background is less annoying than another
person's conversation and the system per-
formance may be relaxed if complementary
channel operation is used.

The measurement of intelligible crosstalk
is accomplished by modulating one of the

carriers with a tone and searching the base-

band of the other carrier for the presence of
this tone. Desirable performance levels for

this type of distortion are 31 db signal-to-
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crosstalk ratio for an echo and 55 db for any
other talker.

Special Transmission Tests

These tests include the measurement of

Doppler shift at baseband and absolute delay
between the transmitted and received signal.

Doppler shift is determined by transmit-

ting a highly stable single tone at the high
end of the base band (approximately 3 Mc)
and measuring the received frequency with
a counter. A second method is to transmit

a radio tone in the highest telephone channel
and measure the frequency of the received
tone in the same channel.

For absolute delay, a short pulse is trans-
mitted at baseband and the delay between
the transmitted and received pulse measured.

Television Test Patterns

This experiment provides a basis for sub-
jective evaluation of the system performance
for television. The test consists of transmit-

ting various test patterns, displaying the
received patterns on a monitor and photo-
graphing the patterns for comparison. Test
patterns are either taken directly from a pat-
tern generator or generated from test slides

scanned by a vidicon camera. The experiment
is performed both with and without CCIR
pre-emphasis.

System Demonstration Experiments

The system demonstration tests indicate
the feasibility of satellite communication for

various types of material. These include
television, telephony, digital data, teletype
and facsimile transmission. Either live or

taped material may be transmitted. Subjec-
tive evaluation is made of the received trans-

missions and comparison made with the

performance quality predicted from the per-
formance experiments. In addition to sub-
jective judgments, quantitative evaluations
are made wherever possible (i.e., error rates,
skew, slippage, sync compression, etc.). In
general, the experimental procedures are in

accordance with the corresponding narrow-
band or wideband performance experiments
--television, telephone, etc.
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THE RELAY EXPERIMENT PLAN

These system demonstration experiments
are also used for public demonstrations.
When approved, public demonstrations are

scheduled at the request of the participating
stations. Many historical and general inter-
est events have been transmitted via Relay.
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Chapter 2

GSFC Relay Communications Satellite
Test Station

:T

NASA/GSFC Test Stations are operational at Nutley, N.J. and near goldstone ......

(Mojave), Calif. as primary control centers for the Relay Communication Satellite.

At the direction of the Relay Operations Center, these stations exercise command

control, monitor spacecraft telemetry, and conduct communication experiments. The

stations are equipped for rapid checkout of the satellite as well as for TV signal

transmission and reception. As of June 1964, the: Mojave station will be further

equipped with two-way 12-channel FDM telephony transmission and reception.

A key design feature _s the htili_ation of a computer to decommutate 49 telemetry

items and, within approximateiy twenty seconds after sampling occurs in the space-

craft, to transmit this data continuously by teletype to the Relay Operations Center.

In this manner, near real-time Spacecraft status is reviewed, and control is effectively

maintained.

THE RELAY COMMUNICATIONS SATELLITE
TEST STATIONS

= " General " -

As a part of the NASA/GSFC Relay Com-
munications Satellite System, two Test Sta-
tions have been constructed. One station is

located at Nutley, New Jersey; it became op-
erational in mid-September 1962. The other
is located in the Mojave desert near Goldstone,
California (150 miles northeast of Los An-
geles), and was placed in service at the end
of December 1962. The Relay Operations

Center at Goddard Space Flight Center is
connected by data and phone circuits to both
stations and directs the stations in the con-

duct of command control of the satellite and
communication experiments.

In the concept of the Relay satellite system,
both stations at Nut!ey and Mojave were

" : " : _::: _ : 289

designated as Test Stations and as such have

prime responsibflit_to command the satellite
and monitor telemetry. Other stations par-
ticipating in the program under agreements
with NASA are designated as Ground Sta-
tions.

A listing of all participating stations and
their capabilities is given in Table 2-1.

The Nutley Ground Station and the Nutley
Test Station are separate operations, but
physically use the same communications an-

tenna. The Test Station, which is manned by
STL and owned by NASA, is equipped for
wideband transmitting and receiving through
the 40-foot antenna. The tracking of the sat-
ellite is performed by personnel of Interna-

tional Telephone and Telegraph Corporation
(ITT). When telephone testing is involved,
ITT provides its transmitter, receiver, and
multiplex equipment; test Station equipment

.......
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TAB1m 2-1.--Summary of Participating Station Capabilities

Wideband

Trans

Andover, Maine

USA (AT&T) ....... X

Fucino, Italy ...................

Goonhilly, England_ _ X

Nutley, N.J.
USA (ITT) .................

Pleumeur-Bodou,
France ............. X

Raisting, Germany .... ..........

*Raisting, Germany ..............

Mojave (Goldstone)_ __

Calif., USA (NASA)_ X X
Rio de Janeiro, Brazil ......................

Ibaraki Prefecture,
Japan .................... X

Kashima-machi,

Japan .............. X X

Nutley, N.J.

USA (NASA) ...... X X

Rec Trans

X X

X ..........

X X

X

X X

......... X

Multiplex One-way
Narrowband (two-way) noise loading

Group _ ! Group B I 300 600
Rec (12-60 k _') (60-108 kc) Channel Channel

X

X

X

X

X

X

X

X

X

X

X

X

X

X
X

X
X

X

X

X X

X X

X X

X X

X X

X ..........

X X

X X

X

X

X

X

X

X

*Future capabilities.

X

X

X

X

X

is used only for telemetry and command.

Test Station Overall System Description

An examination of Figure 2-1 shows that

five major systems are involved in the test

station operation. The satellite carries two

136 Mc telemetry transmitters, a command

receiver and decoder, a 4080 Mc beacon, and

a number of sensors in addition to the micro-

wave repeater. The ground telemetry system

receives data from the spacecraft and after

computer processing transmits the vital in-

formation to the Operations Center at Green-

belt, Md. As a result, telemetry and command

verification data can be reviewed by NASA

personnel within 20 seconds after encoding

occurs in the satellite.

The satellite is controlled by the command

system from the selected station in accord-

ance with prearranged schedules, but can be

commanded at any time upon instructions

from GSFC. The tracking and command an-

_ _c _c[_Lq|v lEVY 4_m _c

FmURE 2-1.--Relay communications satellite system.

tennas are mounted on the same pedestal and

are positioned manually (by servo control)

in accordance with the orbital data obtained

from the Goddard Computer Facility. Since

the beamwidth of these antennas is 20 to 30

degrees, no difficulty is encountered with this

positioning. Orbital data can also be used to
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automatically position the 40-foot communi-

cations antenna by means of the Antenna

Programmer, so that the satellite appears

within the 0.42 degree beam. When the 4080

Mc beacon signal is acquired, it is utilized by

the monopulse tracking system to follow the

satellite automatically.
The primary communications functions

are carried on by means of the wideband

microwave transmitter and receiving sys-

tems. These are similar in function to stand-

ard microwave repeaters except for the 10

kw power output of the transmitter and the

approximately 2 db noise figure of the receiv-

ing system. RF bandwidths of 25 Mc are

employed, and an FM deviation of 16 Mc is

used to gain signal-to-noise advantage.
Transmission to the satellite is at 1725 Mc

and reception from the spacecraft is in the
vicinity of 4170 Mc. The 525 line video test

facilities and frequency division multiplex

equipments are essentially standard.

Test Station Implementation

The differences between the Tes.tStations

at Nutley and Mojave are small so far as sys-

tem operation is concerned, resulting from
the use of different types of communications

antennas. The vans at the two Stations are

similar, except that the monopulse tracking

receiyer is not installed in the van at Nutley,

since this function is provided by ITT. At
Nutley, the 10 kw wideband transmitter is

mounted in cabinets on the ground and is

connected to the antenna through waveguide

rotary joints, whereas the transmitter power
stage and translator are mounted on the an-

tenna at Mojave, and receive the signal at

IF through the cable wrap.
The vans are built with removable sides so

that they can be joined together to provide

an integrated operations room; the trailers

are located adjacent to the 40-foot antennas

utilized at both sites. At Mojave, the antenna

was built for NASA by Philco Corp., and at

Nutley, the antenna is owned by ITT and
operated under contract with NASA.

The following sections of this report de-
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scribe the various systems of the Test Station
in detail.

TELEMETRY SYSTEM

General _ =

The Re!ay Communications Satellite has

as its primary function the reception and re-

transmission of microwave signals used for

TV and telephone communications. Since the

satellite is essentially an unattended repeater

station, a telemetry system is provided to

verify command and to permit monitoring of

all pertinent system data. A simplified block

diagram of the telemetry system is shown

in Figure 2-2.

Satellite Telemetry Equipment

Figure:2--3 is a simplified block diagram

of the Relay airborne portion of the telem-

etry system. The submultiplexers, the main
multiplexer, and the A/D converter are col-

lectively referred to a s th e en_der. Encoder

output is fed to one of two telemetry trans-
mitters. Selection of the transmitter to be

modulated is made by groUnd:Command. The

transmitters can be turned on or off sepa-

//_ SATELLITE

_ TEST STATION

"- trY TO G'_F¢

FIGURE 2-2.--Telemetry system.

PE C[Lt

FmUEE 2-3.--Relay airborne telemetry,

block diagram.
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rately. Since only one transmitter is used
at a time for telemetry transmission, the

other is normally left on and used as a track-
ing beacon. Frequencies of both transmitters
are 136.620 and 136.140 Mc, with the former
planned for tracking, and the latter primarily

for telemetry. Both transmitters are con-
nected to a single antenna, which is also
used for reception of commands from the
ground. Isolation is provided between the
received and transmitted signals and between

the two telemetry transmitters.
Spacecraft telemetry transmitter output is

approximately 250 milliwatts over the range

of 24 to 32 volts input. Link calculations
indicate that this power should provide a
margin in the order of 10 db at elevations
greater than 5 degrees above the horizon.

Provision is made in the spacecraft for
modulation of the telemetry transmitter out-
put either by the data from the encoder or
directly by a horizon scanner. The horizon
scanner signal indicates the rotation rate of
the spacecraft, and is also used in a more

refined analysis in combination with data
from the sun aspect indicator, to derive
spacecraft attitude. Horizon scanner output,
which is in the form of a square wave, fre-
quency modulates a 1300 cps subcarrier os-
cillator as the horizon scanner crosses the

horizon. This signal is then detected by the
ground receiver and patched into the horizon
scanner discriminator, which feeds a strip
chart recorder or can be patched into the
magnetic tape recorder.

Telemetry Signal Characteristics

The Relay telemetry signal is PCM/PM,
meaning that the bit stream from the en-
coder is pulse code modulated, and that this
bit stream phase modulates the RF carrier
radiated by the transmitter. The carrier

phase is shifted approximately 140 degrees
in one direction or the other by the change
of state from "1" to "0" or vice versa. As

illustrated in Figure 2-4 the type of coding
used is split-phase nonreturn-to-zero. In this
type of coding, a bit is identified by a change

of voltage in a positive direction if the bit

NRZ

CODED

DIGIT

SPLIT
PHASE

NRZ

1 0 I 0 0 1 I

L_.L..JI I L___

FIGURE 2-4.--Types of NRZ digital coding.

is a "1" and in a negative direction if the bit
is a "0." This system permits positive iden-

tification of a bit even under poor conditions
of reception, since only the direction of the
change need be detected.

The bit rate used is 1152 bits per second,
a relatively low rate, but adequate for the
requirements of the system. Word length is
9 bits, permitting a quantization of 511 levels
with a resolution of 10 millivolts, over the
0 to 5 volt range of telemetry voltages.

Figure 2-5 shows the telemetry format.
There are 128 words in a complete message,
divided as shown, with certain words sub-
commutated as indicated. The words are

"looked at" three at a time in the 27 bit regis-

ter of the PCM processor so that in some
instances, more or less than 9 bits are used
for certain information. For example, in
word 16 only the first six bits are needed to
indicate the frame numbers of subcommuta-

tot No. 2, since the maximum number of
frames in each cycle is 64.

The main commutator switches through

the sequence of main words continuously, but
each time it reaches a subcommutated word

the subcommutator presents a different meas-
urement by advancing one word each frame.

The main commutator completes a cycle in
one second; each main word is sampled once
per second. Words in subcommutator No. 2,
are sampled once every 64 seconds. Those in
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FIGURE 2-5.--Relay telemetry format.

subcommutator No. 1 are sampled at the

rate of one sample every 32 seconds.
This unusual format is due to the require-

ment for measurements of the test panel of

solar cells ; the telemetry format provides for

100 successive measurements of each solar
cell. This series of 100 measurements is re-

quired in order that at least one of the read-

ings may record the cell voltage when the

cell is on the side of the rotating satellite

directly facing the sun. During the data re-

duction process the one maximum sample is

selected and recorded automatically.

Readings E3I and E32 are respectively
zero-scale and half-scale calibrations. This

inflight calibration is required because of the

fact that the solar cell outputs must be am-

plified beforebeing telemetered, and these

can possibly drift in the amplification. Cor-

rection will be automatically applied by the

computer which performs the data reduction.

Table 2-2 shows the Class II telemetry meas-

urement list, with the range of values for

each measurement.

A Packard Bell PB250, solid state digital

computer is used to perform subroutines to:

1. Pick a maximum signal value for seven
selected channels

2. Convert 9-bit binary numbers to meas-

ured parameters

3. Convert parameter readings to teletype

Baudot code format and punch the teletype

tape

In actual operation this data is very close

to real-time information. The data punched

on teletype tape by the computer is fed di-

rectly to a 100 word/minute teletype circuit
so that the data is transmitted to GSFC al-

most as soon as the data is decoded. Not

more than 20 seconds elapse for the entire

process.

Types of Data

The digital telemetry data is divided into

three classes, depending on importance.

= Class I data isthat data reduced in real

time at the Test Station, and may be used
for making a GO/NO-GO spacecraft opera-
tion decision. There are nine such items of

information. A digital limit checker is used

which compares the incoming signal values

against preset limits. If all critical values are

within tolerance, a row of green lights indi-

cares spacecraft conditions. If a signal is out

of specification, a red light is indicated and

an alarm is sounded. Since the lights are

labeled, the operator can tell immediately

which parameter is faulty. The Class 1 data

is recorded in analog form on a paper strip
recorder.

Class II data consists of 34 items of space-

craft telemetry and is utilized to determine
spacecraft condition in more detail than is

available from Class I data. Class II data is

also reduced in real time, formatted for

transmission over a teletype circuit, and is
transmitted to GSFC in order that GSFC

representatives may observe the detailed

status of the spacecraft immediately prior to,

t
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TABLE 2-2.--Relay Telemetry Measurement List, Class II

Number

1

2
3

4

5

6

7

8
9

l0

I1

12

t3
14

15

16

17

18

19

20
21

22

23

24

25

26

27

28
29

30

31

32

33

34

Function

Solar cell bus ........

Battery No. 1........

Battery No. 2 ........

Battery No. 3 ........

Unregulated bus

Battery 1-I temp ....

Battery 2-1 temp ....

Battery 3-I temp ....
Total battery current_

TM transmitter power
output No. 1 .........

TM transmitter power

output No. 2 ........
Command

receiver AGC ........

TWT collector temp _

Lower surface temp _
Active thermal

controller sensor temp
AGC--main IF ......

Receiver mixer

crystal current .....

Transmitter input

signal power .........

Regulated bus voltage

TWT output power __
Command verification
ABC ................

Command
verification DEF_ _

Command

verification GIll

Command

verification JKI ....

Sun aspect indicator_

Solar cell S-1 .......

Solar cell S-2 ........

Solar cell S-3 .....

Solar cell S-7 ....

Solar cell S-8 .....
Solar cell S 9 ....

Thermistor No. 4 ....

Radiation monitor A

Beacon output power

Units

Volts

Volts

Volts

Volts

Volts

°C

°C

°C

Amps

MW

MW

Volts

°C

°C

°C

Volts

MA

MW

Volts

Watts

Volts

Volts

Volts

Volts

Mechanical

degree

MV

MV

MV

MV

MV
MV

°C

Counts
MV

Range

20-40

20-40

20-40

20-40
20-40

-20 to +6ff

-20 to +661

-20 to +66

+2 to -5

0 to 500

0 to 500

0to 5
0 to 120

--130 to +5

-2 to 40

0to5

0to 1

0 to 10

0 to 30

Oto 12

0to5

0to5

0to5

0 to 5

0 to 170

Oto 170

0 to 170

0 to 170

0 to 170

0 to 170
-20 to +,15

0 to 297

0 to 2

Rate

1/sec

1/64 sec

1/64 sec

1/64 sec

1/scc

1/64 sec

1/64 sec

1/64 sec

1/see

1/64 see

1/64 see

1/64 sec

1/64 sec

1/64 sec

I/sec
1/sec

1/64 see

1/64 see

1/64 see

1/64 see

1/64 see

1/64 sec

1/64 see

l/sec

l/see

100/32 see

100/32 see

100/32 see

100/32 see

100/32 see

100/32 sec

1/64 see

1/see

1/64 sec

18

28

28

28
19

28

28
28

2O

28

28

28
28

28

22

24

28

28
28

28

28

28

28

21

16-17

(last 3 bits of 16

first 3 lilts of 17)
29-128

29-128

29-128

29-128

29-128

29-128

28

4,5,6
28

TM time slot

Main corn Sub 1

2

3

4

8
10

II

Sub 2

17
25

33

18
34

5O

19

27

59

12
21

39

55

16
24

35

43

51

7

32

during and following utilization of the space-
craft.

Figure 2-6 is an example of Class II data.
The first 11-digit number following the N
is the time that the data was read out of the

computer and punched into the teletype tape.

The first two digits are the year, the next
three are the day of the year, and the last
six are the Greenwich Meridian Time in

hours, minutes, and seconds. This informa-
tion is repeated every 16 seconds and is fol-
lowed by the same six readouts each time.
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IIIICFRNC-Bltll
RR GMRC JSTL

D£ 830C O08A

28/11302

T_ FOLLOWING IS CLASS I! D_TA AS 09TAINED FROH _[LAY II FROH
GCON ON ORBIT REVOLUTION 0049

X64028110722 1.79 27,22 2/61 3.67 24/26 2.49
03 86.5 04 26.9 05 2617 OB 3.33

09 4,07 I0 1414 I! .05 13 1617 16 2211

N64028110738 1.80 27,20 2162 3,66 24122 2.46

17 27,3 19 ,00 20 20/2 21 -4/75 24 1.33

25"27.4 26 29/9 27 1.46 3! 3.26 32 |.30
464028110?54 1.80 27.29 2/63 3.66 24126 2.47

33 27.4 34 ,00 35 .76 40 19/8

41 1715 42 30/2 43 .73 47 1.28 48 .00
N64028110810 1.80 27.02 2160 3.65 24/18 2.46

49 15/6 50 .01 51 1.96 54 1.71 55 ,1_

59 -III0 63 4611 64 2510

170 165 177 162 163 19 1/7

X64028110826 1.80 27.16 2/62 3,66 24118 2.47

03 B6.5 04 26,6 05 2_/6 08 3.35

09 4.05 10 14/8 I1 .05 13 16/B 16 22/5
_64028110_42 1.79 27.07 2/63 3.66 24137 2.45

17 2?.3 19 .01 20 2014 21 -4/53 24 1.33

25 27.3 26 3012 27 1.47 51 3.28 32 1.32

_6402_110958 1.79 27.07 2/63 3.66 24115 2.47
33 27,4 34 .01 35 .74 40 20/0

41 17t7 42 3010 43 .73 47 1.26 48 ,0!

H64028110914 1.79 27.00 2161 3,66 24115 2.49

49 _513 50 .02 51 1,97 54 1.70 55 .15
_9 tl/t 63 4611 64 24/7
17o 165 it7 162 !63 !9 t/T

N64028110950 1.80 21.09 2t62 3.64 24107 2.47

03 56.5 04 26.8 o_ 25/| o_ 3.35
o9 4.os io !_Io !1 .0_ 1_ i_/s !_ 22/4

.K4(_S110946 !.79 27.00 2/6! 3.66 24115 2.47

17 _7._ 19 .o_ 20 _o/4 21 -5t20 24 !.33
25 2_._ 26 _o/_ _7 [.47 31 3.30 _2 1.32

R64028111002 I.gO 27.02 2/62 3.65 24/IS 2.47
33 27.3 34 .02 35 .75 40 2011

41 17/9 42 3o/2 43 .73 47 !.26 48 .Ol
_640"2811t01g 1.79 27.07 2/63 3.66 24/15 2.49

49 !5/8 50 .o2 51 1._6 54 1.7| 55 .x4
59 1115 63 4613 64 _415
170 165 177 162 164 19 1/7

FmtsRg 2-6.--Example of class II da_a.

These are main frame words 18,19, 20, 21,
22 and 24. The slant llne between certain

numbers should be read as a decimal point,
but indicates that these readings Were taken
from a normalized curve by the computer.
They can be interpolated to recover the true
reading.

The next line shows decommutated words
03, 04, 05, and 08, and _heir values, from
subcommutator No. 2. It is seen that lines

2, 3, 5, 6, 8, 9, 11, and 12 are a continuation
of these same words totalling 64 and are re-

peated in each block, i.e., every 64 seconds.
Line 13 of the format consists of subcom-

mutaLor No. 1 items 18, 19, 23, 25, and 27,
which are solar cell measurements.

Class III data contains all of the Class I

and II and radiation experiments telemetry
data. Class III data is recorded on magnetic

sent to the:da_/t Reducti0n Center at GSFC.

Test Station Telemetry System

Figure 2-7 is a block diagram of the telem-
etry system in the Relay Test Stations. Be-

ginning with the telemetry antenna, the

G[_ml _sA

FIGURE 2-7.--Relay ground telemetry system.

signal goes through the polarization selector,

which permits selection of circular or linear
polarization. Circular polarization may be

either right br left-hand, and linear polari-
zation may be either vertica]or_tal.

The multlcoupler permits the signal to be
sent to both phase-lock receivers. Receiver

outputs consist of PCM data which is sent
to the signal conditioner; AGC information
is recorded as an indlcation of received sig-
nal strength. Either receiver may be patched
into the digital system.

The signal conditioner and bit synchro-
nizer reconditions the usually noisy bit
stream, and provides _-synchronizing signal
at the bit rate. The signals then go to the
signal processor and PCM decommutator.
Here certain measurements are selected and

converted to analog signals for strip chart
recording. The entire bit stream, before
reaching the signal processor, is als0 fed to

a magnetic tape recorder. From the signal
processor the (iig[ta] data is fed to a Packard-

Bell PB-250 digital computer which selects
and reduces certain measurements, produc-

tape for future data reduction. The tape - [ng a punched tape at its output. This tape

recorder also records digital time for proper - is then used-to drive a teletype page printer
time tagging of events. Recording tapes are for printing out the data in decimal form.
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Simultaneously the data is transmitted to the
Operations office at GSFC. Another digital
output from the signal processor operates

the PCM limit checker, providing local dis.

play of certain critical parameters,

!

I

_Ec_
II

PARALLEL 2_ V

TIME CODE
GENERATOR

ASTRODATA

6190

VIDEO SW.

POSITION
TRANSMITTER

POWER WIDEBAND
RANDOM SYSTEM

NOISE

RECEIVER AGC

TRAC_. RCV_

AGC

TRACKING
EL. ERROR SYSTEM

---O---.- PROCESSOR

"DECOM,N" RA O TA
1 OUT" - I,TC H 2 OUt" SERIAL TIME

I_ AGC AND DATE PCM _ 1152/'SEC -- LIMIT CHECKER STL

F TELEMETRY VHF TELEMET TELETYPE TELETYPE PACKARD B_LL _ SIGNAL

R_CEIVER I RECEIVER / I 60 W/MtN I PAPER I loo W/MIN I PAPER / P_-2_0 | I CONDITIONER

IOTOROLA i.MHD.E_ PRINTER TAPE READER TAPE --T_LE_PE DYNATR_9 NICS

- I "DATA TO SERIAl.. DATA
_ "RECEIVER 2 IN" L--_ C

FIGURE 2-8,--Telemetry and command systems,
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Detailed Test Station Telemetry System lemetry array gain is 20 db, and the beam-
Description* width is roughly 1_ degrees in both planes.

TACO Antenna --- _ *-- - Receivers

he TACO antenna assem_y (-F_gure 2-9) The136-137 Mc Motorola and DEI re-

used at the test stations at Mojave and Nutley ceivers were especially designed for NASA
includes a command antenna-in add]-tlon to for telemetry reception. The Motorola re-
the telemetry antenna array._r_e array con-
sists of eight antennas, each a sevemeIement
yagi, dually polarized and cut for a frequency

of 136.5 Me. Outputs of the ver_]eai!y _polar- _
ized telemetry elements are connected by

ceiver is a phase-lock design capable of re-
ceiving amplitude or phase modulated signals
in the range from -50 dbm to -157 dbm. Even

though the received frequency is off normal
by as much as 7 kc because of Doppler shift

coa×ialcablestoa comb!ner and then through or transmitter frequency drift, the phase-

a filter. (to reject the command freque.ncY_) !ock-design employing double conversion, will
to the input of a duaI channel preamPhfier, keep the narrowband filter locked to the weak
Horizontal elements are similarly connected carrier. IF ban_dwidth is adjustable from
into the other chann_!._of-the_ preamplifier. 60 kc to 1_5 kc. Loop bandwidth can be

Preamplifier outputs are route(l-via cable to switched from 20 to 60 cps. The DEI receiver
the polarization selector where vertical, hor- has characteristics similar to the Motorola

izontal left-hand circular or right-hand cir- receiver, and either can be selected to feed
cular polarization can be chosen. The an- the PCM signal into the signal conditioner.
tenna assembly can be oriented plus or minus
280 degrees in azimuth or plus or minus 80 DoraP,ocessl,g

degrees in elevation by remote control. Te- The signal c_0nditio_e;and bit rate syn-

---_ .-- chronizer ]s __Dynatr-onics Model 5202, also

-- - - _- especially b-ui]_ for NASA (see Figure 2-10)
perform_ the function of regenerating de-

teriorated PCM serial data and reproducing
it free of noise. An output of synchronizing

pulses which are phase-locked to the bit rate
of the incoming data is also provided. This
unit is followed by a PCM data processor
which, together with the signal conditioner,

forms a realtime telemetry data processing
system that is specifically designed to decom-
mutate the Relay satellite telemetry.

The PCM data processor was developed by
the Handling and Processing Section, Space
Data Control Branch, Space Data Acquisi-

tion Division, of the Goddard Space Flight
Center. The unit is adjusted to accommodate

_'_ the word and frame format used by the Relay

satellite and provides both digital and analog
outputs.

FIGURE 2-9.--TACO telemetry and command

antenna.

Data Displays

One output of the PCM data processor is
serial data sent to the]aackard Bell PB-250

'*See Figure 2-8.
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MULTICOUPLER RF PATCH PANEL

i
!

TRANSMITTER

OSCILLATOR

SYNCHRONIZER ,

TRANSMITTER ' =-

OSCILLATOR

TRUNK JACKS

COUNTER

SIGNAL CONDITIONER

AND BIT SYNCHRONIZER

WWV RECEIVER

')

• TIME READOUT

/
ANGLE READOUT

ANTENNA POLARITY

SWITCH PANEL

(BLANK HERE)

RECEIVER NO. 2 (DEI)

(BLANK HERE)

TELEMETRY ANTENNA

CONTROL

RECEIVER NO. 1

(MOTOROLA)

PCM SIGNAL

SIMULATOR

" GENERAL

I PURPOSE

i RECEIVER

PCM DATA PROCESSOR

RF SIGNAL GENERATOR

RECEIVER NO. 1
HEATER SUPPLY

RECEIVER NO. 1

B SUPPLY

PCM DATA PROCESSOR

POWER SUPPLIES

FI6URm 2-10.--Telemetry system.

computer where certain measurements are
selected, converted to standard parameters,
and punched out in Baudot form for trans-
mission over teletype circuits.

Other digital outputs from the PCM data
processor are sent to the PCM limit checker.

This unit, designed and built by STL, pro-
vides an instantaneous display of red and
green lights to indicate the status of the
spacecraft. Eight preselected spacecraft
functions are continuously examined to as-

certain if they are within preset limits. An
indication of when the PCM data processor
has achieved frame sync is also provided.

Analog outputs of the PCM data processor
of selected critical measurements are con-

nected to channels of the Offner Dynograph
Model 504A strip chart recorder to provide a
permanent record.

Ver_cat;on equ;pmeni ::

=:An_Astr0data Model :_1_0 time code gen-

erator provides a NASA 28-bit 2-pps time

signal to the Offner eight-channel strip re-
corders and a NASA 100-pps 36-bit time sig-
nal to the two-pen recorders.

Outputs from the time display lights of the

time code generator (46 wires) are used to
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operate the time display driver which, in
turn, operates a number of time displays

throughout the vans. These outputs are also
used in conjuction with the printout control,
to provide time signals to the PB-250 com-
puter for time tagging of the Class II data

as it is processed.
Some of the parameters, such as AGC, are

fed into subcarrier oscillators and are then

combined into a single composite wave train
for recording on the Precision Instrument
Model 207 seven-track magnetic tape record-
er. WWV time signals are recorded as a
standard time reference: the NASA 36-bit
100-pps 1000-cps modulated time signals gen-
erated by the time code generator are also

PATCH PANEL

SUBCARRIER OSCILLATOR
SUMMING AMPLIFIER
(CH 3-4-_-7-8-9_

VOLTAGE CALIBRATION
(CH 10-11-12-13-A-C)

SCO POWER PANEL

PROGRAM BOARD

DC VTVM

AUDIO MONITOR

MOTOR DRIVE
AMPLIFIER

(TAPE RECORDER)

recorded. A channel is also provided for voice

recordings of communications over the sta-
tion intercom system and for commands

transmitted to the spacecraft. Speed lock
information is generated within the tape
recorder and recorded on the tape in still
another channel to enable the playback re-

corder to maintain the same speed when play-
ing the tape back as during the recording.
Another record{ng is made of demodulated
commands sent to the spacecraft; these are

recorded along with a time code on a strip
chart recorder.

PCM data from the receiver output is re-

corded on another track. Thus tapes can al-
ways be used to recover the data in the event

£

I
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a failure occurs in the PCM data processing
equipment during a satellite pass. Tapes are
normally sent to the Goddard Computer Fa-

cility for analysis and permanent record
keeping.

System Tests

A periodic check of the Test Station telem-

etry system is made using the Telemetrics
Model ESS-506 PCM simulator and STL RF

signal generator shown in Figure 2-8. Co-
axial relays provide connection into the sys-
tem at the antennas so that the complete
system can be tested. Typical results are
shown in Table 2-3.

TABLE 2-3.--Receiver E_ror Rate

Signal Receiver No. 1 Receiver No, 2
levcl errors/100,000 errors/100,000

--120 dbm

-121

- 122

- 123

- 124

- 125

- 126

- 127

-128

-129

-- 130

0

0

0

0

0

0

10

56

118

392

911

0

0

2

3

9

2

26

98

239

665

1265

Since the received signal strengths are in

the range of -105 to -115 dbm, data quality
has been excellent.

THE COMMAND SYSTEM

General

Because of the variety of experiments
available and the redundancy provided in the
Relay spacecraft, it is not possible or desir-
able for all spacecraft systems to be opera-
tive simultaneously. The solar array output
limits the power available. Thus a command

system was provided to permit the orderly
conduct of various experiments and to cir-
cumvent possible failures of equipment. The
basic command system is shown in Figure
2-12.

The command system parameters and the
equipment aboard the satellite are discussed

SATELLITE

FIaURE 2-12.--The command system.

in detail in a separate report on the command
system, but the basic requirements are shown
here to facilitate understanding of the test

station operation.
Commands are transmitted from the test

stations by means of a 3 kw transmitter oper-
ating (at about 150 Mc) into a 14 db yagi
circularly polarized antenna. Since a 3 to 4
db loss is encountered in the transmission line

at either station, the resulting effective ra-
diated power is approximately 33 kw; an-
tenna beamwidth between the half-power
points is about 30 degrees. The transmitter is
amplitude modulated by a 5.451 kc tone which

is pulsed in twenty combinations for the dif-
ferent commands. Command coding format

is wholly compatible with the NASA Mini-
track network of stations.

Command Code Characteristics

The command encoder used in the Relay
test stations produces the standard NASA
code, composed of blocks or pulses of 5451
cps tones of various lengths. Pulse duration

modulation (PDM) is achieved by keying
the tone on or off at about 300 bits per second.
Thus, each bit contains 18 cycles of tone. The
bits are used in combinations to form pulses
which are either one bit long (for "0"s), two
bits long (for 'T's), or three bits long for
the synchronization pulse. Thus, the "0" is
18 cycles of tone or 3.3 milliseconds (msec)
in duration, the "1" is 36 cycles of tone or

6.6 msec in duration, and the sync is 54
cycles of tone or 9.9 msec in duration. A
command word is composed of six PDM bi-
nary digits preceded by the sync pulse and

a readying period. Thus, a word can be
thought of as being made up af 8 segments
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FIGUnE 2-13. Command word format.

as shown in Figure 2-13. The first segment

(which carries no information, and must

equal or exceed four bits in length) and is

followed by the sync pulse (3 bits). Suc-

ceeding segments carry the command code.

I t 1 f +_:::i I I Test Station Configuration
2 I 3 I ,i I s 1:6 I 77 i t

I I I I I "l ==I- Figure 2-14 shows the units involved in the

i° l° I _ I° . , i i test station implementation of the command

system. It will be seen that the system con-

sists of the command code generator, the

transmitte r (and antenna), and two different
monitoring -facilities.

-_.-_

14S

I

This format also requires comblnat_s _of

three "O"s and three"l"s in order to be rec- H _ [_-] _'_"_ [

ognized by the spacecraft decoder. Twenty ...............

different commands are possible, as shown .............

in Table 2-4. Each word is automatically .....

repeated five times whenever a command ]s ..........

sent, requiring a total time of 528 msec. Pro- - ....

vision is made in the spacecraft command FIGURE 2-14. Test station command system.
control box to prevent simultaneous turn-on ......

of both wideband transponders or of the laori- _-_
- The standby 300 watt transmitter and du-zon scanner and encoder.

TABLE 2-4.--List of Commands

Channel

1

2

3

4

5

6

7

8

9

]0

11

" 12

13

14

15

16

17

lg

19

20

Switching function

Load cutoff normal ...........

Transponder No. 1 ON ............

Transponder No. 2 ON ............

Transponder Nos. 1 and 2 OFF ....

Radiation experiment OFF ........

Radiation experiment ON ........

Telemetry encoder ON/horizon

scanner OFF ...................

IIorlzon scanner ON/telemetry

eneoder OFF ...................

Modulate telemetry transmitter

No. 1 .........................

Modulate telemetry transmitter

No, 2 .........................

Attitude control current negative._.

Attitude control current positive_ _ _

Ilorizon scanner and attitude

control OFF ...................

Telemetry encoder OFF ...........

Telemetry transmitter

Nos. 1 and 2 ON ..............

Telemetry transmitter No. 2 OFF_

Telemetry transmitter No. 1 OFF_

PIIONE ON/TV OFF ........

TV ON/PttONE OFF ...........

Load cutoff override ............

Code

111000

110100

I01100

011100

ll0010

101010

011010

100110

010110

001110

110001

101001

011001

1"00101

010101

001101

100011

010011

001011

O001ll

Decoder
line

10

l0

9

pllcate monitoring facilities provides a high
order of confidence that the commands can

be sent and verified.

Command En¢oder

The command encoder (see Figure 2-15)

was manufactured by Consolidated Systems

Corporation for NASA. It is a versatile unit

with modular construction capable of gen-

erating all commands. As used in the Relay

Test Stations, it is equipped with a 5.451 kc

tone-generating tuning fork, accurate to 0.005

percent. The output tone signal is used to
modulate the transmitter. Contacts to start

the strip chart recorder and to key the trans-

mitter automatically are provided.

Command 3 KW Transmitter

The Command Transmitter (see Figure

2-16) is a model HC-300 built by Hughes.

It is rated at 3 kw output at 150 Mc, ampli-

tude modulated. The unit is crystal con-

trolled with a temperature stability of 1 part

per million per day over the temperature

: Wii =
:: 7i:-:-::
= =: : =:
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TIME CODE GENERATOR

300 WATT P.A,
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FIGURE2-15.--Command system equipment racks.

range of 32 to 90°F. A crystal oscillator is

followed by a tripler, a doubler, and another

tripler to arrive at the final frequency of

about 150 Mc. A push-pull driver precedes

the single-ended neutralized 4CX300A output

state. A four-stage audio amplifier drives the

push-pull Class AB 4-100A modulator tubes.

300 Watt Standby Transmitter

The 300 watt transmitter was assembled

by Radiation at Stanford (see Figure 2-15).

The exciter unit was manufactured by Wilcox

Electric and contains the crystal oscillator

and multiplier stages. It develops 50 watts

for driving the 300 watt power amplifier.

This transmitter is used as an emergency unit

in case of failure of the 3 kw regular unit.

Command Anfenna

The command antenna (see Figure 2-9)

is a part of the antenna mount provided by

TACO; telemetry antennas are included. It

is a circularly polarized yagi with 14.3 ± 1

db gain, designed for 150 Mc operation at 3

kw; antenna beamwidth is 30 degrees at the
3 db points.

Monitoring Facilities

Reference to .the command system block
diagram (Figure 2-14) shows that the com-
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FmURB 2-16.--Command transmitter.

mand codes are recorded in two ways in'brder

to permit verification of the codes se-n_. ' Tones
are rectified in one case and are re-corded on

the strip recorded. In the other case, the
pulsed 5451 cps tones are recorded on=one

track of the magnetic tape recorded. :_:

Operatlonal Experience

As originally operated with a 300 watt

transmitter, the command system was able

to command the spacecraft correctly except

at times when the spacecraft was low on the

horizon and at long radio ranges. The maxi-

mum radio ranges had increased from the

original 5,000 nautical miles to 7,000 nautical

miles due to last minute changes made in

the planned spacecraft orbit. This change

amounts to almost 3 db in received signal
level. An STL Study indicated that at low ele-

vation angles problems with multipath trans-

mission can reduce drastically the signal

received at the spacecrafL :Ad_iti0nally, all

things being equal, there were i_onS that
there was a 20 percent probab[iity that at

303

-- an angle (below 10 degrees elevation)

the satellite spin axis would be oriented in

such a position as to cause a 10 db degrada-

tion in the received signal. Accordingly, a
3 kw transmitter was installed to raise the

signal 10 db above the original level. Com-

mand reliability has improved considerably

since this change was made. However, at ele-

vation angles above 10 degrees and at radio

ranges up to 5,000 nautical miles, 300 watts

is adequate.

WIDEBAND COMMUNICATIONS

TRANSMITTER SYSTEM

General

The principal task of the Relay satellite
is to demonstrate the capability of providing

communication functions. A conventional

way of accomplishing this is to provide a

radio path by which means a "baseband"
can be carried. It has become an accepted

technique to provide a bandwidth suitable

for TV transmission or for frequency divi-

sion multiplex telephony. The multiplex, in

turn can accommodate telephone, teletype,

data, or facsimile. Newer techniques permit

high speed data over 48 kc channel groups.

The Relay satellite system has all these capa-

bilities. A video bandwidth usable to about

5 Mc is available through the complete sys-
tem of satellite and test stations.

The 10 kw communications transmitter is
capable of wideband FM modulation similar

to a conventional microwave repeater except

that greater FM deviation is used. This re-

sults in an improved signal-to-noise ratio,

but requires the use of special low threshold

techniques in reception such as BTL's feed-

back or STL's phase-lock demodulators.

Transmission to the satellite is at 1725 Mc,

at approximately 5.5 Mc deviation. Deviation

is tripled to 16.4 Mc and the frequency is
translated to 4170 Mc in the satellite.

10 KW Power Amplifier*

A block diagram of the wideband commu-

nications transmitter is shown in Figure

2-19. The power amplifier and heat ex-

*See Figures 2-17 and 2-18.
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FIGURE 2-17.--10 kw transmitter.

changer were developed by Radiation-at-
Stanford. The transmitter uses the Eimac

5 KM70SF high power klystron.

By stagger tuning the klystron (which is

inherently a narrowband device), it was pos-

sible to achieve a bandwidth of _+ 7 Mc flat

within 1 db as shown in Figure 2-20. The
photograph at the left was taken with the

wideband transmitter operating at a level

of 10 kw into the dummy load. Reflected

energy was less than 100 watts. Sweep width

is approximately 14 Me. The photograph
represents the variation of the transmitter

output power across the passband. The

photograph at the right was taken with the

wideband transmitter operating at a level of
10 kw into the antenna.

At the Nutley Station an RCA translator is

used to convert from 74 Mc to 1725 Me; at

Mojave a similar function is provided by a

Radiation-at-Stanford design. Power level

out of the TH deviator is approximately +12

dbm. The output of the RCA translator is

between 10 and 15 watts, and is attenuated

to approximately 0.5 watts to drive the final

stage. An isolator prevents antenna impe-

dance discontinuities from affecting kly-

stron performance. An harmonic filter re-

duces second and higher order harmonics to

a nonobjectionable level. Forward and re-

verse power level meters permit proper

adjustment and, in conjunction with ther-

mometers, flow meters and the dummy load,
permits output power to be determined.

The FM Modulator

Generation of the frequency modulated sig-

nal, with which the translator and 10 kw

power stage are driven, is accomplished by
the Western Electric TH deviator. This unit

has been adapted to the Relay Satellite Sys-
tem for test station use with minor modifica-

tions. Required in the Relay system, 5.5. Mc

(peak- to- peak) deviation is obtained by

slightly decreasing the feedback in the video

amplifier. This results in high-index FM

modulation in the downlink, since the devia-

tion is tripled in the spacecraft. (See Figure

2-21.)

The TH deviator receives a baseband sig-
nal from a 124-ohm balanced line and de-

livers a frequency modulated signal to the

10 kw microwave transmitter. The frequency

modulated signal is centered about 74.130 Me.

As shown in Figure 2-22, the input signal

is amplified in a video amplifier, and is used

to modulate a klystron operating at 6174.1

Me. Output of this klystron and a beating

klystron operating at 6100 Mc are combined

in a converter from which the difference fre-

quency of 74.1 Mc is obtained. This 74.1 Mc

signal is amplified in an IF amplifier to the

level required for delivery to the microwave
transmitter.

Through a splitting pad and a second IF

amplifier, the converter output is also fed to

automatic frequency control circuits which

compare the beat frequency and the output

of a 74.1 Mc reference oscillator at a 30-cycle

rate. Correction voltages from a synchronous

detector are applied to the beating klystron

to keep the IF center frequency within limits.

See Table 2-5 for TH deviator performance.

COMMUNICATION RECEIVER SYSTEM*

General

Since the Relay satellite is spin-stabilized,

*For a detailed description of this receiving sys-
tem, see "GSFC Relay Test Station Wideband Re-
ceiving Subsystem" Chapter 3.
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FmURE 2-18.--10 kw transmitter, heat exchanger, and power supply.

it uses an omnidirectional antenna. Conse- ceived at a range of 7000 nautical miles are

quently, with the spacecraft transmitter extremely weak. Because of the wide band-

power limited to 10 watts, the signals re- width required for television, the system
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FmURE 2-19.--10 kw communication transmitter,

block diagram.

FICURE 2-20.--10 kw transmitter passband
characteristics.

noise of a conventional ground receiver would

be prohibitively high. Despite the use of
large steerable parabolic antennas (40-foot
dishes in the case of the test Stations), sys-

tem improvements were still required. Two
advanced techniques were used by STL in

the design of the test stations to provide
performance beyond that obtainable with
ordinary microwave receivers.

First, a low noise microwave amplifier was
designed utilizing a nitrogen cooled para-
metric amplifier, followed by a TWT RF

stage. Secondly, a threshold lowering phase-
locked FM demodulator concept was devel-
oped, and used with high modulation index
FM. Use of these two devlCes resulted in a

receiver design which produced good TV pic-
tures with receiver carrier power as low as
-90 dbm.

The overall system is shown in Figure
2-23.

FIGURE 2-21.--Wideband transmitter control racks.

6174 MC

I DEVIATIONI
,,I KLYSTRON I

I OSCILLATOR l

I I

IF AMPLIFIER _II,5 DBM

FICURE 2-22.--Western Electric TH deviator.

Parametric Amplifier

The communications receiver uses a non-

degenerate varactor diode, cooled parametric

amplifier (Figure 2-24). It is typically tuned
for a 20 to 25-Mc bandwidth with a gain of

15 to 18 db. Since the parametric amplifier
is located on the feed assembly of the 40-foot
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TABLE 2-5.--TH Deviator Performance

Video frequency characteristics

124 ohms balancedInput impedance .............

Video signal input (synchron-

izing pulse negative) ........

Video amplifier voltage gain

(nominal) .................

Video amplifier gain range .....

Video amplifier bandwidth at

0.1 db points ..............

Video amplifier output ........

0 db

15 db (modified)

10 db

A few cycles to 10 Mc

5.5 volts peak-to-peak

(corresponds to approx 8-Me

deviation)

FM generator characteristics

IIN

ON I r_l
ANTt _m_ SVA_ON

i
15Di _00D I

I

4 ir_ uc I vloro

FIGURE 2-23.--Low noise wideband communication

receiver system.

Deviation oscillator, nominal

frequency .................

Beating oscillator, nominal

frequency .................

Type of modulation ..........

Deviation oscillator

modulation sensitivity.

Normal frequency deviation_ _

6174 Mc

6100 Me

Frequency

Approx 1.45 Me (modified)

per volt
± 4 Me (modified)

74 Mc characteristics

1Intermediate frequency ....... 74A3 Me

TRS IF amplifier input ....... / -9 dbm

TRS IF amplifier output ...... / +12.2 dbm

IF output ................... / +ll.5 dbm
Bandwidth (0.1 db points) .... | 64 to 84 Mc

/

AFC characteristics

AFC IF amplifier input ....... - 15.8 dbm
AFC IF amplifier output ...... -1 dbm (+2 dbm switched at

30 cycles]

Reference oscillator frequency 74.120 Mc

Reference oscillator output .... - 1 dbm (+ 2 dbm switched at

30 cycles)

AFC loop gain ............... 36 db

AFC control ................. 10 Mc shift to within 200 kc

Controlled oscillator .......... Beating oscillator in FM generator

antenna, it is remotely tuned and controlled.
Noise temperature is largely determined by
the fact that liquid nitrogen is used to cool
the unit.

Traveling Wave Tube

Since the gain of the parametric amplifier

is only 15 db, additional noise would be added
to the system if low-noise circuitry were not

also used. f911owing the paramp. A commer-
cial TWT is used as an RF amplifier to pro-

vide another 86 db of gain, with bandwidth

................. pA_A_E_ I_MPLI_ER TUNING

FIGURE 2-24. Parametric amplifier.

_ k
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in excess of 60 Mc. Since this tube is selected

for low noise and has sufficient gain, the
following circuits contribute very little to

system noise.

Mixer-Oscillator-IF

The TWT is followed by a mixer-oscilla-
tor-IF assembly. The 4170 Mc signal from
the TWT is mixed with the crystal controlled

local oscillator to produce a 120 Mc inter-
mediate frequency. This is amplified in a
multistage stagger-tuned IF circuit. Result-

ing bandwidth is about 40 Mc (within _+ 1
db over 20 Mc), and the signal is increased
to approximately --7 dbm level. An AGC
circuit holds the signal level to within 2 db.

Phase-Lock Demodulator

The phase-lock FM demodulator used in

the Relay satellite system was developed by
STL as an extension of techniques used for

correlation detection in telemetry and Dop-
pler-measuring systems. It has the capability
of demodulating TV video signals and does

so with a far better S/N ratio performance
than a conventional discriminator. Familiar

FM theory (see Figure 2-25) shows that

S/N ratio improvement is obtained in FM
which increases as the modulation index is

1
-10

M2

0_ / MI

1 Vl l ! 1 11 I 1 1 I _/ k_
-5 0 +5 +10 +15 +20 +25 +30 +35 +40 +45 +50

(S/N) _N

FI(;LmE2-25.--FM signal-to-noise threshold effects.

raised. This is true as long as the signal is
above a critical minimum. Below this point,

the FM improvement vanishes rapidly. This
threshold S/N ratio is taken as +9 to +12
db with classical limiter-discriminator cir-

cuitry. Unfortunately, as the bandwidth is

increased the threshold moves up, so that
stronger signals are required. With the phase-
lock demodulator, the threshold is lowered as
shown by the dotted lines in Figure 2-25,

and thus the FM improvement can be real-
ized at lower signal levels, or greater devia-
tion can be used to provide a better S/N
ratio with the same threshold.

For the television link, the demodulator

was designed to meet the Relay system pa-
rameters. It was designed to accept a 120
Mc FM signal from the antenna mounted
receiver circuits (at --7 dbm) with 16.4 Mc

peak-to-peak deviation (video plus sync plus
audio subcarrier), and to demodulate this
signal into a 1-volt video signal with fre-

quency components up to 3.2 Mc. In addition,
the subcarrier frequency of 4.5 Mc (carrying
the audio modulation) is also recovered, and

is available as an output.
A block diagram of the demodulator unit

is shown in Figure 2-26. The input IF ampli-
fier includes a delay equalizer adjusted to

correct for the overall system. The phase-
lock demodulator section consists of three

basic units: VCO, a phase detector which

senses the phase error between the incoming
signal and the VCO, and a baseband filter-

amplifier which drives the VCO into phase
synchronism.

Communications Receiver System Performance

The communications receiver system has
been found to have the following nominal

performance:
RF bandwidth

(at 3 db points) = 25 Mc
Noise bandwidth = 32 Mc
Receiver noise

temperatures = 120°K
Deviation acceptance = 16.4 Mc p-p
Video bandwidth

(3 db) = to 3.2 Mc
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Video÷ syncsignal
level ----1volt p-p

Audiosubcarrier
output = 4.5 Mc at 0.65 v

Performance of the phase-lock demodula-
tor is difficult to evaluate precisely, but it
has been found in subjective tests that the
picture quality is equivalent to that of a
conventional discriminator having a 5 db
higher S/N ratio.

VIDEO SYSTEM

Each subsystem of the wideband equip-

ment is normally subjected to individual
tests, but the only way it can be determined

that the entire system design is capable of
coping with the potentially changing param-
eters of the satellite is to conduct overall

system performance tests. Since the trans-

mission path losses vary rather rapidly dur-
ing a satellite orbit and also between passes,

it is desirable to perform the tests in rapid
sequence. Suitability of the system can there-

fore be determined almost instantly, and
since these tests are repeated routinely, long-

term analysis of the data is possible. The
wideband receiver and transmitter systems
have been designed to transmit TV and these

will also satisfy communications require-
ments for telephone, telegraph, facsimile, or
data. Since TV transmission provides a satis-
factory overall test of the baseband response,

a rapid checkout system was designed to
perform a number of video tests.

A semi-automatic test feature is employed.
Figure 2-27 shows the Nutley video console
with the test selector switch. For each posi-
tion of the switch, the correct modulating
source is connected to the TH deviator, and

the correct monitoring equipment is con-
nected to the demodulator. Also, changes in

oscilloscope sensitivity and sweep rates are
made automatically.

Table 2-6 lists the wideband system per-
formance experiments available at the Nut-
ley test station. With the semiautomatic test

feature, a given sequence of experiments can

r_uc

E
IF*m

FW,URE2-26.--STL wideband phase-lock
demodulator. FIGUaE2-27.--Video test console (Nutlcy).
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TABLE2--6.--WidebandExperiment List

Insertion gain stability tests

Audio

Composite video

Noise measurements

Continuous random noise--video

Continuous random noise audio

Impulsive noise--video

Impulsive noise--audio

Periodic noise---video

Periodic noise .audio

Fluctuation noise

Non-linearity distortion tests

Line time nonlinearity

Audio distortion

Linear waveform distortion tests

Field time distortion

Line time distortion

Short time distortion

Steady state characteristics

Bandpass characteristics

Received carrier power

Television tests

Test pattern
Slides

be performed in approximately 3 minutes.
Equipment consists of generators to pro-

duce the various test patterns, and the oscil-
loscopes, cameras, spectrum analyzers, RMS
or peak reading voltmeters, noise weighting
filters, and a video monitor. (See Figure
2-28.)

Operationally, for any given experiment,
the test position is selected on the switch.

The outgoing signal is photographed on one
oscilloscope and the return signal is photo-
graphed on another. The two photographs
are then compared visually against calibra-
tion made earlier.

Ultimate tests, of course, are performed
through the satellite, but in order to perform
maintenance, and determine limitations of

various equipment, it is desirable to "close
the loop" in other ways. A spacecraft simu-
lator duplicating the wideband and beacon
systems in the satellite is provided at each
station. The simulator is either mounted on

a boresight tower for a true simulation, or

connected into the equipment between wave-
guide couplers. Other loops are provided to
eliminate the need for operation of all high
power equipment to isolate problems. It can
be seen inFigure 2-29 that a loop, including

all video equipment but excluding the wide-
band transmitter and majority of the re-

ceiver, can be activated by operating SW5.
The test generator was developed by STL, and
uses a linear VCO in which noise in varying
amounts _an be mixed. A true test of the

FIGURE2-28.--Video test equipment.

phase-lock demodulator and video equipment
is thereby achieved. This loop also permits
evaluation of the audio subcarrier subsystem
and video pre-emphasis/de-emphasis net-
works. Video equipment baseband testing

can be performed by operation of SWl, SW2,
and SW3 or SW4.

Television equipment used in the Test
Stations is all designed to operate at the
American standard of 525 lines, but because
of the requirement to transmit the audio
subcarrier at 4.5 Mc in the baseband, the

video response is limited to 3.2 Mc (3 db
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: -Fi_uRB2-29.--Video test console, block diagram.

point) instead of the 4.3 Mc normally trans-
mitted for 525 lines.

When the various tests (shown in Table
2 6) are conducted they may be transmitted

through any of four possible transmission
loops with relatively minor differences in
results, providing that the system is operat-
ing properly. Some typical results are shown

ir[ the _f0!10w!ng pages. 17norder _6 -recognize I
the different conditions, the loops have been 23
i-dentified as f0IIo-_s: ............. 4

Loop 1: Baseband-to baseband 6
Loop 2: Test generator to IF 7
Loop 3: Through the spacecraft simulator s

9

Loop 4: Through the spacecraft itself. ]o
Each Lest result shown is prececIed by a _1

12

block diagram showing the test equipment i3
configuration as selected by the rotary switch. 14

The positions available are shown in Table _6
17

2-7. is
Many of the tests are noise meas.urements ;

these and other tests are not qisted--here,

S_nce th]s repo_ was h-o_ [n_endedY5 _p_]de
detailed test results.

TABI,E 2-7. Test Positions for WBCS

Position Test

Insertion gain line time nonlinearity 2T

T putsc

2T

Continuous random noise

TV test slides

½ black, ½ white

Line time nonlinearity diff

Stair-step

Baseband sweep

Envelope delay--baseband

Sync nonlinearity every 5th line

Periodic nois_--look with Krohnhite

Impulsive noise

Baseband segment-- 70 kc

534 kc

1.248 5,Ic

2.938 Mc

= i: ¸
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AUDIO O_R

" ! ST,ON

I IHP 120 AR HP 3309

l TV

I MON

VIDEO

PEAK DET

J RAYTHEON
SUBCARRIER A SCOPE
DEMOD 524 AD
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AUDIO
PEAK

DET
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_ _ TO OFFNERRECORDER

SYNC

I
SYNC

DAGE SYNC

!

J RCA,A3DJ_DtST AMPL

J RCATA3D k

|
BLANKING

D SCOPE 1 J

524 AD

AUDIO SIGNAL JTEL[CHROME GEN: HP 206A

SIN 2 WINDOW J J '

GEN I J I RAYTHEON J VIDEO

SUBCARRIER _ TO

I J MOD J TRANSMITTER

"V;deo Te:t Cat.ale - Switch Position 1 Interconnections

For InsertTon Gain-Line Time DistorlT_"

Oscilloscope A
Loop # 1

Position # 1

1

Oscilloscope D
Loop # 2
Position # 1

Oscilloscope D
Loop # 1
Position # 1

Oscilloscope A
Loop # Z
Position # 1
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"Oscilloscope D

Loop #3
Position 1"

/

SYNC D SCOPE J..._

S,N2_NDO_ _%°_°,ER
GEN

BLANK_J RCA TA 3D

POSITION NO. 2 SHORT TIME DISTORTION - T PULSE

POSITION NO. 3 SHORT TIME DISTORTION - 2T PULSE

"Video Test Con:,o[e - SwitCh Pa$ition NO, 2, Shorl Time

Distortlon (T Pulse) and P_;t_on No. 3 - 2T Pulse

Oscilloscope A

Loop #3
Position 1

"Oscilloscope A
Loop No. 1
Position 2"

"Oscilloscope D

Loop No. I
Position 2"
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Oscilloscope D
Loop # Z

Position # 2

Oscilloscope A
Loop # 3
Position # Z

Oscilloscope A
Loop # 2
Position # 2

Oscilloscope D
Loop # 1
Position # 3

Oscilloscope D
LOop # 3
Position # 2

Oscilloscope A
Loop # i
Position # B
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r

:5

Oscilloscope D
Loop # Z
Position # 3

Oscilloscope A
Loop # 3
Position # 3

120MC

-- DEMOD MON

VI H SYNC

A SCOPE J_
524 AD

Oscilloscope A
Loop # Z
Position # 3 H DRIVE

LtNEARtTY H AMPLCHECKER

DAGE SYNC J D SCOPE

1 524 AD

POSITION NO, 8

LINE TiME NONLINEARITY-STAIR STEP

VIDEO TO

TRANSMITTER

Oscilloscope D
Loop # 3
Position # 3
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Oscilloscope D Oscilloscope A

Loop # 1 Loop # 2

Position # 8 Position # 8

Oscilloscope A Oscilloscope D

Loop # 1 Loop # 3

Position # 8 Position # 8

Oscilloscope D Oscilloscope A

Loop # 2 Loop # 3

Position # 8 Position # 8
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! i
TWO WAY TELEPHONE SYSTEM

RF CHANNEL
ARRANGEMENT

FIGURE 2-30.--Two-way telephone system RF channel arrangement.

- Z

FREQUENCY DIVISION MULTIPLEX
TELEPHONE SYSTEM

General

The Relay satellite has a narrowband mode
as well as a wideband mode, selectable by
command. In the narrowband mode, filters
are switched in to divide the wideband RF

channel into two channels separated by 10
Mc (centered at 4170 Mc). Although these
are called narrowband, the name is only

proper in comparison to the wideband mode,
since each narrowband channel is 2.0 Mc

wide between the 3 db points, and can carry
24 or more telephone channels. The purpose
of this feature is to provide _wo-way tele-

" phone capability by simultaneously repeating
both sides of the conversation in separate RF

channels. This is shown ]n Simplified form in
Figure 2±30:

The plan was for transmissions from East-
to-West to use oneRF channel (1723.333 Mc
up) and for WestLto-East transmissions to

use the other one (1726.667 Mc up). Because
of the tripling and translation in the space-
craft, this results in reception on the ground
of East-to-West signals on _I64.72 Mc and
reception of West-to-East transmissions on
4174.72 Mc. The resulting IF frequencies in
the Test Station are 115 Mc and 125 Mc and
by selecting one or the other, both trans-
missions can be monitored.

Multiplex

The multiplex equipment used at Mojave
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I

•-,_-- AUDIO-- _l.-i
I

(_c_-_ Kc)

_ K_.......

[_ "

i
FDM | FM

i
i
i
I

__3 333

i

i

ALTEtlNATE CONNECTION FOR
SIMULTANEOUS MONITORING

....... _4164.72 MC

_2-60 KC)

FIGURE 2-31.--Typical telephone multiplex and radio interconnection showing 24 channel connections.

(see Figure 2-31) was supplied by Collins
Radio, Dallas Division and is their modified

type MX106.
The telephone multiplex equipment is of

the frequency division type, and translates
the telephone channels in SSB form to the
baseband frequency range of 12 to 108 kc.

One group of 12 channels (CCIR Group B)
occupies the range from 60 to 108 kc ; another
group of 12 is translated to the 12 to 60 kc
region. A pilot frequency for synchroniza-
tion IS transmitted at 60 kc. This baseband

then frequency modulates the transmitter
carrier on one of the two RF frequencies, as

previously explained.
This multiplexing scheme is in accordance

u_th CCIR recommendations for standard

microwave systems with the exception that
greater FM deviations are used over the
radio link. This high index FM is used in

conjunction with frequency following FM

demodulators to provide improved S/N ratio
performance through the satellite repeater
in the same fashion as is done for the wide-

band TV transmissions.

The telephone system parameters are
shown in Table 2-8. Deviations and result-
ing bandwidths have been selected so that
minimum FM threshold is achieved and re-

sult in a maximum of 50,000 picowatts of

thermal noise in any telephone channel with
threshold level signals.

Table 2-9 shows the communications link

performance for a loop test through the satel-
lite from the Mojave station. This applies for

12 channels of Group A or Group B telephone
circuits. Performance on transmissions be-

tween Mojave and Japan will be better than
that indicated, because the Japanese ground
stations have larger antennas.

The multiplex equipment has an associated
patch panel permitting rapid changes in
configuration so that a variety of different

arrangements can be tested. For example,
two groups of 12 identical channels can be

used on separate RF frequencies, or one
whole group can be translated to the Group
A baseband frequencies and used simultane-

ously with the other group to provide 24
channels on one RF channel.
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TABLE 2"8.--Telephone System Parameters

Baseband frequencies .............
Deviation for full load
rest tone at "0".
Deviation for 1 mw

_= BOOcps at "0" rel lvl.
.... Receiver 3 db baseband width.

Receiver noise bandwidth .........
.... Bandwidth occupied.

E: RF frequencies

--_: East to West.
RF frequencies

" _est to East.

-L

Ground-to-space Space-to-ground

Group B Group A

...................................

521kcp-p 389 kcp-p
185kcRMS 137kcRMS
40kcRMS 29.6kc RMS

..................................

................. , ..................

737kc 509ke

1723.333 Me

1726.667 Mc

Group B

60-108 kc
1.57 Mc p-p
554 kc RMS
120 kc RMS

706 kc
2.3 Me
1.79 Mc

Group A

12qi0 kc
1.17 Mc p-p
412 kc RMS
88 kc RMS

403 kc
1.3 Me
1.29 Me

4164.72 Mc
IF = 114.72
4174.72 Mc
IF = 124.72

319

L

NOTE: The spacecraft triples the deviation.

Instrumentation and Monitoring Facilities

In order to fulfill the i}rimary purpose of

the telephone facilities, test equipment is

provided to perform communications experi-

ments in accordance with established plans.
These include the following tests:

Insertion gain

Noise measurements
Random noise

Impulsive noise
Periodic noise

Bandpass characteristics

Envelope delay distortion
Intermodulation measurements with noise

Harmonic distortion

CrosstaIk

The following test equipment is also in-
cluded in one trailer.

Test Equipment

Ampex Model 1300 7-track recorder
Siemans Model Rel 3D 32d psophometer H

meter

:_ Siemans Model Rel 3D335 :frequency selec-
tive voltmeter

HP Model 302A wave analyzer
HP Model 650A signal generator

IIP Model 130BR oscilloscope

Marconi noise loading test set consisting

of:

TFI225A noise receiver

TFI226B noise generator

TM5774 bandstop filter unit
Fluke Model 910A RMS voltmeter

ANTENNA AND TRACKING SYSTEM

General

Both test stations utilize 40-foot, steerable

parabolic antennas for transmission and re-

ception of communications signals. Figure
2-32 shows the antenna at the Mojave test

station.

The basic requirements for the antenna

system at the test stations are:

1. Transmit the 1725 Mc wideband FM

signal to the satellite.

2. Receive the 4170 Mc wideband FM sig-

nal from the satellite and couple this signal

to a cooled parametric amplifier with a loss
not to exceed 0.7 db.

3. Point the antenna at the satellite during

a satellite pass with an error of less than

0.05 degrees.

Maximum required angular velocity and
acceleration are tabulated below:

_'m_ ---- l°/sec

...... -- 0.2O/sec 2
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TABLE 2-9.--Communication Link Performance*
Mojave-M ojave

12 voice channels, CCIR Group A or Group B

Noise performance in any channel referred to zero relative level
Thermal .......... 50,000 pw (psoph)
Intermodulation___ 7,500 pw (psoph)
Total ............ 57,500 pw (psoph)

Frequency .......................
Modulation ......................

Transmitter power ...............

Diplexer and cable loss ............

Transmitter antenna gain ..........

Space loss .......................

Ellipticity loss ...................

Receiver antenna gain ......

Receiver signal power .............
Receiver noise density ............

Group

Receiver noise bandwidth .........

Receiver noise power ............

Predeteetion (S/N) ...............
Threshold ......................

Margin ..........................

Ground-to-spacecraft

1725 Mc

FDM/FM
10 kw

1 db

44 db

179.4 db
1 db

-1 db

-68.4 dbm

- 101.5 dbm/Mc

AorB

2.3 Mc

--97.9 dbm
29.5 db

12 db

17.5 db

Full load test tone at zero relative level ..............................

Probability of overload ................................................

Modulation-feedback receiver noise bandwidth ...........................
Modulation-feedback receiver 3 db basebandwidth ........................

--,=

Spacecraft-to-ground

4170 Mc

FDM/FM
4w

1 db
-1 db

187.1 db

l db

52 db

-- 102.1 dbm

-- 115.8 dbm/Mc

A

1.30 Me

--114.7 dbm

12.6 db

7.4 db

5.2 db

13.3 dbm

<10-5

1.30

403

B

2.29 Mc

-112.2 dbm
10.1 db

7.4 db

2.7 db

13.3 dbm
>10 5

2.29 Mc

706 kc

IN _¢,
K= L S, +-- ¢_' : [4.36A-42.6]x10 3s,

= 47.0 X 10-3 rad2
Mc

*At extreme spacecraft range (7000 nmi) and 7.5 ° elevation angle

The remainder of this section will describe

the Mojave antenna system. The Nutley an-

tenna is functionally similar to the Mojave

antenna except as noted at the end of this

section.

Mojave Antenna System

The antenna consists of:

1. A 40-foot diameter reflector.

2. An X-Y mount for the antenna.

3. A feed support.

The reflecting surface is a paraboloid of
revolution of doubly curved solid aluminum

sheet panels. The design is such that RMS
average deviation from the least square,
best-fit paraboloid is intended not to exceed

1/16 inch. Antenna surface is independent
of the supporting structure so that it may
be separately adjusted. Focal length of the
antenna reflector is 16 feet. Antenna mount
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FtGURE 2-32.--Mojave test station antenna.

axes have the following properties:
1. Pointing accuracy is designed to be ----

144 seconds of arc

2. Axes are designed to be capable of
tracking at rates from 0 to 1 degree per sec-

ond with accelerations and decelerations up
to 1.5 degrees/sec 2

The feed support is adjustable so that the
feed center may be adjusted to be on the axis
of the reflector to within +--1/32 inch. This

support is intended to hold a weight of 500
pounds, and is not to deflect more than 3/64
inch axially or laterally in any antenna posi-
tion at maximum antenna accelerations, un-

der the influence of gravity or by wind
velocities up to 45 mph.

X--Y Antenna Coordinate System

A brief discussion of the Mojave antenna
X-Y coordinate system is in order. The X-Y
coordinate system can be envisioned by imag-
ining an azimuth-elevation antenna with the

azimuth axis parallel to the earth's horizon
(i.e., an azimuth-elevation antenna mount

"lying on its side"). The X-Y antenna was
conceived by GSFC, so that the antenna
would have the capability of tracking a sat-

, ellite through a zenith or direct overhead

pass.

321

It can be seen intuitively that a near zenith

pass over a conventional azimuth-elevation
antenna causes the azimuth angular rate to

increase sharply and, if automatic tracking
is used, usually results in losing lock to the
satellite tracking beacon. The GSFC X-Y

mount, on the other hand, can track an over-
head pass with ease.

u

NORTH +.j .

-NORTH :.I+NORT 
I--

FIGURE 2-33.--X-Y coordinate system.

2

The X-Y coordinate system is illustrated in
Figure 2-33. The X axis is oriented north-
south and is parallel to the surface of the
earth. The X angle is taken to be zero when
the east component of range is zero; limits
of --+90 degrees are set on the value of this

angle. The Y angle is taken to be zero when
the North component of range is zero; limits
of +--90 degrees are set on the value of the
angle., .............

Antenna System Operat!on .......

Figure 2-34 is a simplified block diagram
of the Mojave antenna subsystem.

Tracking is accomplished in either of two
modes as selected by switch SI: (1) auto-
matic tracking of the satellite 4080 Mc beacon
signal, and (2) programmed steering.

*A:_ Rolinski:_b__J___rlson_-ana 1_: J.-Coates,
"The X-Y Antenna Mount for Data Acquisition
from Satellites," IRE Trans_ on Space Electronics
and Telemetry, June 1962:

i : : ::E: :
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FICURE 2-34.--Mojave antenna subsystems.

In autotrack, the output of a 4kMc track-
ing receiver is coupled to the antenna servo
input to drive the antenna. The tracking re-
ceiver derives the servo error signals from
conventional monopulse type sum and dif-
ference signals from the antenna feed. This
is explained in later paragraphs.

In the programmed steering mode, an an-
tenna position programmed steering mode, an

antenna position programmer (APP) (see
Figure 2-35) is used to generate analog servo
error signals by comparing the predicted
antenna angle as read in on punched tape,

FIGURE 2-35.--Antenna position programmer

and PB-250 computer.

with the actual antenna angle measured by

an antenna shaft angle digital encoder (en-
coders are mounted on each antenna axis).
The punched tape program is time encoded
and the antenna programmer receives a real-
time input from the time code generator in
order to sample the punched angle informa-
tion at the correct time. Taped antenna

drive information is fed into the program-
mer by the tape reader. Antenna drive tapes
are punched, normally several hours ahead
of a satellite pass, by a high speed tape
punch driven by a Packard Bell PB-250

computer.
Input to the computer consists of satellite

ephemeris data points at one-minute inter-
vals. Computer output, which is punched on
a paper tape by the high speed punch, con-
sists of antenna pointing information at one-
second intervals in order to drive the APP.

Basic ephemeris information is transmit-
ted to the test station in the form of one

minute ephemeris data points over teletype

circuits. One-minute data points are trans-
mitred instead of the one-second data points

required by the APP because several hours
would be required to transmit data in one-
second format. GSFC supplied this data at
one minute intervals to all Relay ground
stations and test stations in GSFC X-Y-Z

coordinates (Cartesian coordinate system).

As a result, the higher order derivatives of
the smoothed data are lower than if the

ephemeris were transmitted in, for example,
the azimuth-elevation coordinate system used
by the Nutley test station. This facilitates
the process of curve-fitting which is per-

formed by the PB-250 computer prior to
interpolating the ephemeris data at one-sec-
ond intervals.

Acquisition of the satellite beacon at the
beg_inning of a pass is normally accomplished
with the tracking system in the programmed
steering mode. The mode is then switched to
autotrack (see Figure 2-36 for a view of con-

trols involved).
Programmed steering capability was in-

cluded in the antenna system not only to fa-

cilitate acquisition for autotrack, but also to
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Transmitting feed

Input VSWR .............

Maximurn power ..........

Frequency ...............

Illumination taper .........

Secondary antenna pattern_

1.2:1

10 kw

1725 Me

12±2 db

44 db gain - 20 db sidetobes

Traekin and receiving feed

FIGURE 2-36.--Antenna tracking control console.

enable GSFC to experiment with programmed

track as a primary means of pointing a com-
munications antenna. It is likely that pro-

grammed tracking will be preferred over
auto,racking for future operations with a

commercial communications satellite. This is

true because the program track mode does

not require the complex auto,rack feed and

diplexer with attendant RF losses which ef-

fectively increase the receiving system noise

threshold.

Antenna Feed

The antenna feed consists of:

1. A 1725 Mc transmitting feed.

2. A combined tracking and receiving feed

for tracking at 4080 Mc and receiving at

4170 Mc.

3. A comparator network for developing
angle tracking information.

4. A diplexer for separating the tracking
and wideband communication test signal.

5. Transmission line.

Figure 2-37 is a simplified diagram of the

feed. Important feed requirements are listed

below :

4 KMC I

HORNS

4170 MCS COMMUNICATION
SIGNAL TO COOLEDPARAMEI'_IC
AMPLIFIER

SUM
4(_0 MC
X-ERROR

_- 4080 MC
y-ERROR

FIGURE 2-37.--Mojave antenna feed.

Frequencies .............

Secondary antenna pattern

Diplexer ................

Isolation ................

Boresight accuracy ........

Crosstalk ................

Contribution to system

noise (when installed on

a 40-foot reflector).

Loss in 4170 Me channel._.

i080 Me for tracking signal 4170 for

communication receiver

51 db gain (sum pattern) 35 db null

depth (difference pattern)

23 Me bandwidth (to 0.1 db points) at

4170 Mc 1 Mc bandwidth to 3 db

points at 4080 Mc

30 db minimum between 4080 and

4170 Mc

Within + 1 milllradian tO reflector

optical axis

<I0 percent between error channels

between ± 6 mr off boresigbt

25 ° k max due to antenna sidelobes,

back lobes and galactic noise

0,7 db maximum

Tracking Receiver

The receiver is a three-channel, amplitude

comparison, low noise, double conversion,

phase-lock receiver which requires conven-
tional sum and difference signals as inputs.

RF input signals are supplied to the re-

ceiver by the monopulse type feed. These

signals are derived from the feed in such a

manner as to furnish a phase and level refer-

erence signal and two channels of error infor-

mation, from the orthogonal X and Y planes.
Two channels of error information are proc-

essed to provide dc voltages proportional to

the magnitudes and polarities of the angle
between the line-of-arrival of the received

signal and the antenna RF boresight axis.
The receiver exhibits the following per-

formance when operated with loop noise
bandwidths indicated below.

---- 0.5*
c max : 0.35 rad

Manual search provides coverage of a fre-

quency band of --_+250 kc (voltage controlled

oscillator tuning range) from the receiver

* _ is the damping factor assumed for the loop;
max is the maximum !o0p error.
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Noise Bandwidth Threshold Maximum tracking rate

I0 cps

30 cps

100cps

300cps

1000cps

- 148 dbm

--143 dbm

-- 138 dbm

- 133 dbm

- 128 dbm

5.6 cps/sec

50 cps/sec

560cps/sec

5000cps/sec

56000cps/scc

movement of the station invited a new con-

ceptual design to be used for housing the
equipment. Consequently, special trailers
were designed for this purpose (Figure
2-38). The Gerstenslager Company of Woos-
ter, Ohio produced a mechanical design to
comply with Project Relay specifications. One

center frequency. VCO sweep speed is adjust-
able between the limits of 1 and 90 seconds

per sweep, and upper and lower frequency
sweep limits are adjustable over the entire
frequency coverage noted above.

AGC tracking loop bandwidth are as fol-

lows: 1 cps, 3 cps 10 cps, and 30 cps. The
tracking loop bandwith is defined as the 3 db
frequency of the AGC low pass filter.

Antenna Pos_t_on Programmer and Servo

Output of the digital encoders is in gray
code. The encoders are optical, 16-bit en-
coders.

The antenna servo loop in program mode

is a sampled data control loop; the program-
mer samples the encoders at a sampling fre-
quency of 10 per second.

The servo is a type 2 servo and as such
can follow a ramp input with essentially zero
error. Analytical studies conducted during
the design of the programmer in the servo
loop indicated that overshoot is such that the

error is forced below 0.04 degrees in about
0.6 seconds following application of a ramp
input.

Nutley Antenna System

The Nutley antenna differs from the Mo-
jave antenna as noted :

l MojaveFeed ............... " Focal point

Drive ............... t Ilydraulle

M'ount coordinates_ I X-Y
,qurface accuracy ..... ] 1A+ inch RMS

I

Nutley

Cassegranian

Electric

Azimuth-elevation

Approx. _-_ inch RMS

TESTSTATION CONSTRUCTIONAL FEATURES

General

The volume of equipment required in the
test station and the need for flexibility of

• DOLLIE_

FIGURE 2-38.--Test station vans with sides

removed for joining.

FmURE 2-39.--Inside view of trailers with

* sides removed.
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side of each trailer is fitted with removable

panels. These panels are used onIy during

shipment. Panels are removed at the site, and

the two trailers are mated with the open sides

facing each other to form a single large oper-

ations area. A gasket and a narrow roof at

the junction of the two trailers are used to

prevent the entry of rain. Removable tra_er

sides make it easy to install equipment in the

trailers, since fully assembled racks of

equipment can be placed in position without

t_he need to fit them through doorways and

down long aisles (see Figure 2-39). It is

worthy of mention that future expansion of
the station can b-e accomplished quite simply

by the addition of a third van. This van

would have both sides removable for place-

ment between the existing vans. If necessary,

18 additional racks of equipment could be

added in this manner.

Trailers are air conditioned by means of

portable 71/2-ton capacity air conditioners,

connected by flex_le pipe to a false ceiling.

The false ceiling is divided into two longi-

tudinal sections; a ceiling portion over the

racks is the cold air inlet, and the portion
over the aisle is the cold air exhaust. Cool air

is directed downward through each rack of

equipment and exhausted into the room at
the bottom of the racks.

The trailers are quite complete but do not

contain some major equipment items, such as

f

--. 4

_ECORDING
AND TEST I

T^(: I

--4

PATCH ]

PANEL ]

lAB I

_ECORDINGJAND TEST

16A I

POWm 1
DIST I

POWER
DIST I

C7 I

WORK

BENCH

_1 oooR_

ct_ AN--_
COMMAND I [ TRACKING

I I AI

XMTR l J TRAC NG I I RECEIVER

T5,_ .. . T3C

CO_ANOll J J TELE :TRY J I
XMTR REC rER I I

i i A,
PROGRAMMEF

t I DEI 'M I I

TSB T3B

CO.ANDl[ f IR.F. _ST'lGENERATOR J IEQU[! IENTI J
PROGRA_9_B

TSC T3A

TRACK ING TRAILER

DEVIATOR

TEST SET

(PORTABLE)

u

RECORDINC

AND TEST

C5C

TEST

CSB

TEST

CSA

m

XMIR

CONTROL

AND

MONITOR

C4C

XMIT_

CONTROL

AND

MONITOR

C4g

W.B.

DEVIATC_

C4A

m

CO_UNVCATIONS TRAIL_

SPECTRUM

ANALYZER

(PORTABLE)

COMM

RECEIVER

CONTROLS

C3C

COMM

VIDEO

EQMT

C3B

COMM

EXPER

C3A

TELETYPE

<,

O
m
O

m

n
O

O
r
m

J__[ ooo_I

HIGH

SPEED

PUNCH

TRACKING

CONSOLE

TIA

TRACK I NG

CONTROL

CONSOLE

TIB

A/C

TRANS-

PONDER

TIC

i VIDEO

! AND

AUDIO

C Ofv',_

EXPER

VIDEO

AND
AUDIO

: COMM

E×PER

C1B

VIDEO

AND

AUDIO

COMM

EXPER

CTC

COMM

RCVR

TEST

EQMT

FIGURE 2-40.--Test station equipment layout diagram.
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the 10 kw communication transmitter and

power supply ; these are located outside. The

parametric amplifier and converter-IF are in-
stalled on the antenna. Both of these items,
however, are controlled from the van.

FDM telephone equipment is located in a
third trailer at Mojave, which is located ad-
jacent to the main trailers.

Equipment Layouts

From Figure 2-40 the plan view for the

assembled trailer room may be seen. The
upper trailer in the illustration is the track-
ing trailer, and the lower one is the commu-
ications trailer. The tracking trailer contains

all command, telemetry, and tracking equip-
ment.

The communications trailer contains the

equipment necessary for the generation,

transmission, and reception of wideband
video test signals.

PUNCH

BLANK

RCVR' MONITOR
SERVO IN DICATOR

ANTENNA
POSITION ANTENNA

PROGRAMMER CONTROL

PROGRAMMER PROGRAMMER

LOUDSPEAKER

HAMMERLUND

COMM RCVR

ALARM
READOUT

MOTOROLA

P A AMPL

VENT

T-I-A T-1-B T-I-C

FIGURE 2-4l.--Antenna console.

The following drawings show how the
equipment is installed in the racks.

Antenna tracking console (Figure 2-41)
Command transmitter and Encoder (Fig-

ure 2-42)
Telemetry reception (Figure 2-43)
Telemetry analog recording (Figure 2-44)
Video test console (Figure 2-45)
Video signal generators and receiver con-

trols (Figure 2-46)

Wideband transmitter (Figure 2-47)
In addition, space has been provided for

work bench facilities and the storage of gen-
eral purpose test equipment.

LIGHT PANEL

300W
COMMAND

XM"II_

_IGHT PANEL rLIGHT.PANEL

TIME CODE BLANK
GEN

ALARM READOUT

HORIZON SCAN

DISCRIMINATOR

D C AMPL

STRIP CHART
RECORDER

(2 CHANNEL)

TRUNKJAd'KS

COMMAND

X M'I'R
EXCITER

CONTROL

PANEL

COMMANO CODE

GENERATOR

TAPE

_EADER

PWR SUPPLY

VENTVENT VENT

T_5-A T-5-B T-5-C

FIGURE 2-42.--Command transmitter rack.
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LIGHT PANEL LIGHT PANEL L GHT p_N_L

TRANC OSC
S4NC MULTICOUPLER WWV RCVR

540-B RF PATCH TIME READOUT

TRANS OSC

ANGLE
READOUT

DEI
TRUNK JACKS RCVR ANTENNA POLARITY

RCVR NO. 2 SWITCH PANEL

TELEMETRY

C 524-COUNTER RCVR NO.I ANTENNAMOTOROLA CONTROL
RCVR

PCM SIG

SIMULATOR

E,LAN K SIGNAL COND
AND BIT SYNC

LIMIT

560A CHECKER

PRINTER
DECOM

PCM DATA PROCESSO_

DECOM

RF SIG GEN

RCVR NO. 1 DECOM
608 HTR SUPPLY PWR SUPPLY

RCVR NO. 1

B SUPPLY DECOM PWR SUPPLY

DECOM PWR SUPPLY

VENT VENT VENT

T-4-A T-4-B T-4-C

__BLAIN K__

_-CAMP
_tP_A(2)

_ SCOPE
HP 120 AR

DISTORTION

l ANALYZER

Hp 330 BR

IFF PHASEZERO BAI

I=IGHI u_t.11

FLUKE 910A FLUKE 910A

HP410 BR n.UKE 9_0A
v'rvM

BLANK SPEAKER

TEKI_ONIC TEKTRONIC
SCOPE SCOPE

524 AD 524 AD

CONTROL PANEL

BLANK __

LtNEARrP¢

CHECKER
FOTO VIDEO

V-4$A

ENVELOPE
D_AY

POWER SUPPLY

VENT

C-I-A

J_E

O
TEKTRONIC

SCOPE
524 AD

ERATOR
i pANI_K

_-------_,_,__,
SPECTRUM
ANALYZER

PHASE-LOCK
RECEIVER

BLANK

BLANK 8LANK

COAX PATCHING AUDIO

ENVELOPE PATCHING DEMODULATOR

DELAY REC BLANK

-- _ELAY POWER SUPPLY
ENVELOPE KROHN-HITE PANORAMIC

DELAY 310 AB SPECI_UM
GENERATOR ANALYZER

VENT VENT VENT

_-_-,,_-\-\_= \_,_,-\-_-_
C-l-g C-I-C C-I-D

FIGURZ 2-45.--Video test console.

FZGURE 2-43.--Telemetry equipment rack.

GHT PANEL
_IP& HHMIDIT'_

VOLTAGE AND
"REQ MONITOR

INTERCOM

CENTRAL

A_L

28 V PWR

SUPPLY

VENT

AC AF !

v'rVM SIG

4C_H GEN
200 CO

STRIP CHART

RECORDER

253

COUNTER

ANALOG

SIGNAL

MULTIPLEXER

VENT

"LIGHT PANEL

TAPE RECORD E_

TEST&CALIB

UNIT

PATCH

PANEL

IPROGRA_

I BOARD l

AUDIO.

MONITOR

VENT

LIGHT PANEL

/'APE MONITO_

METERS

TAP E

TRANSPORT

_UBCARRI ER OSC

_'H 3-4-6-7-E_- 9

_UMMING AMPL

_UBCARRI ER OSC

10-11-12-13-A-C

VOLTAGE CALIB

SCO PWR PNL

KINTEL

DC VTVM

MOTOR DRIVE

AMPL

(TAPE

RECORDER)

VENT

t-7 T-6-A T-6-B T-6..-C

FICURZ 2_i4.--Telemetry analog recording

equipment.
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SCANNER
CONTROL

SWEEP

GENERATOR

POWER SUPPLY

RCA

VENT

,'/-/-/-/-f/_
C-3-A

LIGHT

;WlDIO SIGNAL
GENERATOR

NOISE GEN
GEN RADIO 139A

DC VOLTMETER

HP 412 AR

SIGNAL

GENERATOR
HP 618 BR

COAX DI_ I
TRUNK LINE

__ TES_

S1N 2

WINDOW GEN

TELECHROME
1073 D

28V DC P.S.

AUDIO

MODULATION

__ LIGH:[. __

KLYSTRON

POWER SUPPLY

NOISE TEMP

MONITOR

PARAMETRIC

TUNING
PANEL

PARAMErRIC

TUNING
PANEL

POWER SUPPLY TWl

P.A. TEST CABLE

POWER SUPPLY
LAMBDA C-881

M

POWER SUPPLY
DRESSEN-BAR NES

21-113

VENT VENT

"_-./-/-/-/-/-/- /-/-/-/-/-/-
C=3-_ C-3-C

FIGURE 2-46.--Video signal generators and
wideband receiver control.
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AND
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C-4-A

FIGURE 2-47.--Wideband transmitter control

equipment.
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The Rcl=ay Test Station
- Low Noise Receiving and Demodulation Systems

The wideband FM receiving subsystems in use at the NASA Goddard Relay Test I

Stations are similar in design except for the antennas. Descriptions are presented ]
of the equipment, with special attention directed to the theory of operation and per- ]

formance data of the 4 Gc, liquid nitrogen cooled, parametric amplifier and wideband /

phase-lock demodulator. System noise temperatures of 100°-125 ° K have been measured /

in accordance with performance objectives. Threshold improvement of 5 db over that /
of a conventional discriminator has been demonstrated by the use of the phase-lock I

demodulator. _ 1_ [

3

INTRODUCTION preferred modulation technique, and by
means of the threshold lowering demodulator,

As a part of the Relay satellite system
test stations, the wideband low noise receiver greater advantage of the FM improvement

factor was possible. Consequently, the final
was perhaps the most challenging develop- receiving system uses, in addition to the low
_ment required. The STL engineers under noise circuitry, an unusually wide bandwidth
contract to NASA found it necessary to in order to accommodate the high modulation
stretch the state-of-the-art in seyeral ways index FM.
in order to ach_eye the performance goals
set by previous system studies. Fundamen- High quality of the many relayed television
tally, the first problem Obvious was the selec- demonstrations has amply proved the suit-
tion and development Of a low noise input ability of receiving and demodulation system
amplifier to provide the best poss_le signaI- design. These designs, and the manner in
_o-noise performance. Even with this, h0w- which they were derived, are presented in
ever, the system performance calculations the following pages. A division is made into
showed the llnk tobe marginal, :and addi- two main sections : a) the low noise receiving
tionai improvement was required. Because system which includes the parametric ampli-

of pre_;ious experience in low level signal tier, the traveling wave tube, 120-Mc ampli-
telemetry, the STL engineers conceived a tier, control and monitoring circuitry, and b)
me_h0d Of phase-lock demodulation which the demodulation system.

resulted in a threshold which was appreciably _tOW NOISE RECEIVERSYSTEM
lower than that of a conventional FM-dis'
criminator-type demodulator. System studies Development of the Low Noise Receiver System

. had shown that frequency modulation was the In the early stages of the Relay program,

329



330 RELAYI--PARTII

the antenna to be employed by NASA was

not specifically defined. The low noise re-
ceiver system, therefore, was designed to
mount on any of the proposed low noise an-
tenna configurations. These were 40, 60, and
85 foot parabolic reflectors on X-Y or azi-

muth-elevation mounts, with provisions for
mounting the receiver system close to the
antenna feed. Additional considerations

were: a) bandpass characteristics to be com-

patible with the wideband video signals to be
received at 4.170 Gc, b) a 175 degree Kelvin
system noise temperature including the noise
contributions of the antenna, feed and di-
pIexer loss; and c) receiver system. The
receiving system noise temperature specifica-
tion (Tu--_ 125°K) satisfied the system re-
quirement for expected antenna noise
contributions.

Figure 3-1 shows the state of the art in

low noise amplifiers at the time the Relay
system became operational. It is obvious that

only the maser and the cooled parametric
amplifiers would meet the above noise temper-
ature specifications. The maser is an ex-

tremely low noise amplifier, but, it is more
difficult to maintain, more expensive, and
more complex than the cooled parametric am-
plifier. Accordingly, the cooled parametric
amplifier was chosen for the first stage micro-
wave amplifier. A low noise traveling wave

900

800

700

#
_ 6o0

500

4oo

_oo

200

tOO
o,°°o....'''''"

_J+....
3O

," T#ANSISTOR

/Y //"+'

," / * OE

300 &O00

FREQUENCY [MC)

50,000

FmORE 3-1.--State-of-the-art of low noise amplifier.

tube, being compact, stable, reliable, and

economical, was selected for the second stage
RF amplifier.

STL was selected to design and develop

the liquid nitrogen cooled parametric ampli-
fier, and to purchase, integrate, and package
the TWT, the remainder of the microwave
low noise receiver, and the control and moni-
toring circuitry. Within 10 months after this

selection, the first low noise receiving system
was delivered to Nutley, New Jersey, for in-
stallation on the 40-foot Cassegrain feed-type
antenna.

System Description

Broadband low noise receiving systems
were installed at both the Nutley, New Jer-
sey, and Mojave, California sites. The sys-
tems are nearly identical, packaging being
the main difference. The cooled parametric
amplifiers themselves were made alike; each
slides on rails into a receiver box. This facili-
tates maintenance, since the Parametric am-

plifiers can be removed without disturbing
the receiver box which is fastened to the

antenna. Also, the Mojave paramp can be
used as a backup for the Nutley paramp in
the event of catastrophic paramp failure.

Remote monitoring and control chassis are
located in the communications van located

approximately within 250 feet from the base
of the antenna.

The following is a discussion of the receiv-

ing system block diagrams of the Nutley and
Mojave sites.

Nutley Receiving System

The wideband receiver is rack mounted in
the equipment enclosure on the 40-foot diam-

eter paraboloid of the Cassegrain feed-type
antenna. The 120-Mc receiver and the low

noise receiving system chassis are controlled
and monitored from the Communications

van. The system layout is shown in Figure
3-2 ; a block diagram of the receiver is shown
in Figure 3-3.

The coaxial input to the low noise receiver

is connected to the waveguide switch by
means of a 9-inch length of coaxial cable and
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FIGUaE 3-2.--Nutley

waveguide-to-coax adapter. A four-pole
waveguide switch permits the input to the
cooled paramp to be connected to the antenna
for receiving, or to a termination for tuning
and calibration. System noise temperature is

monitored at the input to the low noise re-
ceiver chassis by coupling the noise tube into

the system with an 18-db directional coupler.
The cooled paramp is operated at 15 db gain
and greater than 20 Mc bandwidth. Paramp
bias supply and motorized tuning controls

are located in the Communications van, Sig-
nal power at 4170 Mc is split and fed through
isolators to the IT&T facility and to the 120-
Mc receiver. Power out of the 120-Mc re-

ceiver is nominally _-3 dbm and is fed to the
clemodulator by a length of RG14 coaxial

cable. Liquid nitrogen is fed to the antenna
mounted equipment under pressure through
an insulated line from the base of the antenna
(Figure 3-4). The insulated line is discon-

receiving system layout.

nected at the azimuth table to permit antenna

movementafi_er the Dewar is filled with liquid
nitrogen,

Figure 3-5 shows the front and top views
of the low noise receiver chassis with slides

on the side for mounting in the antenna
equipment enclosure. Vent and fill ports for

liquid nitrogen are shown on the side of the
enclosure.

A computer program was used to calculate
thermal conditions expected in the enclosure
for system operating during a hot day, when
the rays of the sun beat directly on the re-
ceiver enclosure. Maximum average air tern-

perature inside the enclosure was computed
to be 58°C.

Mojave Receiving System

Shown in Figure 3 6 is the Mojave receiv-

ing system block diagram. This system is
basically the same as the Nutley system ex-
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FIGURE 3-3.--Nutley receiving system, block diagram,
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1 I1
GROUND MOUNTED EQbrI_NT AIn_TENNA MOUNTEID I[QUWMENT

FmunE 3-4.--Liquld nitrogen circulation system.

E_

cept that the output of the TWT is not split.
Packaging is entirely different, however. The

receiver at Mojave is mounted beyond the
apex of the quadrapod holding the feed in
front of the paraboloid as shown in Figure
3-7. Figure 3-8 illustrates the component

placement in the..... receiver enclosure; the
cooled parametric amplifier has been re-
moved. For filtering all incoming lines and

outgoing monitoring and control signals, a
filter box is mounted on the side of the en-
closure. Directly below the filter box are the

liquid nitrogen venting and filling ports.
The 120-Mc receiver is mounted in_ the top

rear of .the enclosure by four bolts. Care was

taken to insure that the weight and center of
gravity of the enclosure was precisely as pre-
dicted i this data was supplied to the antenna
designers early in the development stage.

System Design and Performance

This sectiondiscusses design and perform-

ance of the liquid nitrogen cooled-parametric

amplifier, the TWT and 120-Mc receiver, and

the control and monitoring circuitry. System
design specifications were as follows :

• Antenna mounted (on almost any style
of antenna).

• Remotely controlled.
• Frequency--4i70:MC. =

• Bandwidth (3 db) design goal--60 Mc.
• Overall receiver noi_e temperature-

<125°K (at input to Circulator).
• Antenna ambient temperatures as lo-

cated on East andWestCoaSts_of the U:S.

• The receiving s:_ste_m may consist of a
cooled parametric a_pl]fier f0r_he first RF
amplifier and a low: noise TWT _or the sec-

ond RF amplifier.
• Bandwidth of the RF amplifiers must be

such that no degradation is noticeable on
wideband video signa1_ ......

• Gain of the parametric amplifier must
reduce the second stage system noise con-
tribution.
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FmURE 3-5. Nutley low noise receiver chassis.

Cooled Parametric Amplifier

Varactor Design

Parametric amplification is the process by
which energy is transferred from a "pump"

through a nonlinear or time-varying element

to the signal to be amplified. The Relay am-

plifier utilizes a variable capacitance (var-

actor) diode as the nonlinear element.

Capacitance is made to vary with the applica-

tion of a pump voltage across the varactor.

When a signal interacts with the reactive

element varying at the pump frequency, other

frequency components are generated. If the

idler frequency (pump minus the signal fre-

quency) is allowed to flow, a negative resist-

ance is generated yielding the possibility of

high gain or undesired oscillation.

Figure 3-9 shows the reactance variation

of two varactors tested in the paramp. A dc
bias is selected for the varactor such that an

equal reactance change occurs as pump volt-

age is applied on the dc bias. The varactor

is not pumped hard enough to draw current
in either forward or reverse directions.

Therefore, the main source of noise in the

amplifier is thermal noise of the circuit losses

and that caused by varactor spreading re-
sistance. To minimize this noise the varactor
must be cooled.

At the time of amplifier design, very little

specific data was available on the effects of

cooling varactors. The paramp was accord-

ingly designed to accept most commercially

available varactor types (Figure 3-10), and

also to operate at both ambient and liquid

nitrogen temperatures. This necessitated pro-

vision of a remote tuning mechanism so that

the paramp could be operated on the antenna

in either the uncooled or, more sensitive,

cooled mode of operation.

Figure 3_1i is a cutaway of the paramp

designed to meet these requirements. Figure

3-12 is the block diagram of the paramp and
pump circuit: Actual development was based

on theoretical considerations given in this

paper and the experience experimentally

gained in building and testing parametric

amplifiers.
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i i
J WIDERAND J TO CONVERTER

DEMODU[.ATOR FOR SYSTEM NOISE
INDICATOR

iONAL_ (MADE J'TJ _

PLER REJECTION BA_ ECED t20 m¢ 0 dbm

FILTER MI _R RECEIVER 120 mc
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_ERJ

TO SPECTRUM
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FmURE 3-6.--Mojave receiving system, block diagram.

FIOURE 3-?.--Receiver mounting on the Mojave
antenna.

Theoretical Considerations

Theoretical analyses were performed to
determine the minimum noise temperature

achievable for a 4.2 Gc signal frequency and
" for selection of the best varactor diodes com-

mercially available. The analysis of Kuro-

im

om
mi

f_

FIGURE 3-8.--Mojave receiver enclosure.
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VARACTOR: TYCO AP-6-1

_-.o_o
DIA.

®

_-.0 58

.25o -_ _.,23
DIA.

0 (9

DIA.

®

DIA.

(9
FIGURE 3-10.--Commercially available varactor

packages.

V_tACTOR : 50Uric

VARACTOR BIAS

FIGURE 3-9.--Varactor reactance variations.

kawa and Uenohara on varactors was

expanded for the Relay paramp. Figure 3-13

shows the minimum noise temperature of the

amplifier for a given diode and pump fre-

quency. Equations involved in the plot are:

IMPEDA_E
TP.AN_ORM,ER

PUMPANO IDt_

._RADIAI"CHOKES

NON-CONTACTiNG

FIGURN 3-11.--Paramp cutaway.

Te (min) =
T. [ 1 -I--_),2 (_) 2 ]

Q12 - 1
(')2

1 C1

Q,= 01 2 __ co
2
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FIGURE 3-12,--Paramp and pump circuit block diagram.

T+ =

oJ l -- f_ = signal frequency

---- /_ ---- idler frequency
2_
o)1-_- to 2

2,_ -- f'_ -- pump frequency

: : : : _ : == 3

Assumed values are:

T_ : 90°K
: 0.5

f_ _ 4.2 Gc
Q_ _ 22.5 at zero bias

34.3 at -- 2 volts bias

+

Capacitance of varact0r at bias

point
maximum capacitance change

from Co due to pumping the
varactor

Q of the varactor at Co and the
signal frequency

dynamic Q of the pumped varaetor
series resistance of the varactor

minimum equivalent noise temper-

ature of the amplifier
temperature of the diode resist-
ance

: Figure 3-13 assumes that all impedances

are adjusted for a minimum noise figure.
Using these assumed values, the minimum
amplifier noise temperature versus pump
frequency can be obtained. It may be noted

that there is an optimum pump frequency
for minimum noise temperature, and also
that the slope of the curves for high Q diodes
is very small for a large range of pump fre-
quencies.

For the zero-biased diodes with a realistic

Q of 22.5, minimum noise temperature is
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FIGURE 3-13.--Paramp noise temperature achievable.

35.4°K for the optimum pump frequency of
25 Gc., and 40.4°K for a pump frequency of
18 Gc For a lower Q diode, the optimum

pump frequency approaches 18 Gc.
Pump frequency was chosen as 18 Gc and

was to be generated by a 9 Gc klystron fol-
lowed by a varactor frequency doubler. This
decision was based on factors such as avail-

able diodes, high cost and low power of high
frequency klystrons, and longer life, superior
stability, higher power, lower cost, and short-
er delivery time for tubes at 9 Gc compared

to those available at much higher frequencies.
Also, the pump circuit mechanical tolerances
are less critical at 18 Gc than at 25 Gc.

A varactor doubler was designed and built

with the following performance character-
istics :

Input frequency: 9 Gc
Output frequency: 18 Gc

Input power: 500 mw

Output power : 120 mw
Varactor

Microstate

Equivalent to No. MS2545

Capacitance 1 pf at 0 volts
A plan to use the varactor doubler was

dropped, however, due to a tight schedule for

packaging and refining the design, and be-
cause a low cost 18-Gc klystron tube suitable
for this application became available. This
tube was employed with excellent results.

At 17.3 Gc., the klystron power into an
optimum load, provided by screw tuners is
255 milliwatts; power is remotely controlled
by a cam-driven resistive vane attenuator.

Directional couplers and crystal detectors are
used to monitor pump power. Parametric
amplifier stability is predominantly deter-
mined by klystron power and frequency sta-
bility; Figure 3-14 shows dependence of the
parametric amplifier gain upon pump power.
A change in pump frequency shifts the signal
passband characteristics of the amplifier but

can cause instability. Klystron frequency
stability is high when the tube temperature
remains below 150°C. Thermal data of the

receiving system and enclosure were fed into
a computer. The receiver enclosure maxi-
mum ambient air temperature of 58°C and
the blower requirements to keep the klystron

i
_< 15

io
-0.6 -0.4 -0.2 0 0.2 0,4 0.6

RELATIVE PUMP POWER (db)

FIGURE 3-14.--Paramp gain vs. pump power.
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temperature at less than 150°C were com- 4s

puted.

For 50 cfm of ambient air (58°C) in a 4

square-inch duct flowing on the tube, the
maximum klystron temperature was 125°C.

Without the blower, the maximum tube tern-

perature was 300°C. Experimentally, it {vas 40
found that for an ambient temperature of

23°C and a blower capacity of 100 cfmina /

9 square-inch duct, the maximum tube tem- /perature wlth filaments on is 36°C, and When --

operating is 70°C. Therefore, a-blower was
required to keep the tube below 150°C for v

z
best klystron stability. 9_ 3s

b--

Circulator Design

In order to effectively use a low noise am-

plifier, the losses prior to the amplifier must

be minimized. Melabs designed a low loss

4-port ferrite circulator for coupling the sig-

nal into and out of the parametric amplifier. 30
The circulator isolation characteristic versus

temperature is shown in Figure 3-15. The
insertion loss remains less than 0.15 db at

4170 Mc from the antenna port to the paramp

port. For all expected temperatures the cir-

culator maintains > 29 db isolation. This is

required for gain stability. The varactor bias

is applied through the termination on the 4th

port of the circulator. The termination con-

sists of a deposited film resistor on the center

conductor with a slug inserted behind the

resistance which gradually tapers from the
outer conductor to the inner conductor. Man-

ufacturing tolerances on the slug are such

that a 1 mil thick polyester film electrical tape

may be wrapped about the slug, keeping the
center conductor and outer conductor from

shorting without affecting the operation of

the termination at microwave frequencies.

Cryagen_/c Ci¢cult Design

\

O
O 10 20 30 40

TEMPERATURE (°C)

FIGURE 3-15.--Circulator isolation characteristic

vs. temperature.

5O

cooling from 200°K to 77°K, although not as

much as the initial cooling to 200°K.

Once the decision to Cool with liquid nitro-

gen was made, a choice of open cycle or closed

cycle was necessary. For the purposes of Re-

lay, the open cycle system was the most eco-

nomical, and at the time, the simplest to

d_sign and maintain in the fieick
The cryogenic circuitry wasa major design The delivery schedule precluded extensive

effort. One method which was studied was custom Dewar construction, so a Hoffman
the possibility of cooling the paramp thermo- _Laboratory stainless-steeI:Dewar was se-

electrically to 200°K. It was found, however, _l_ected." Stainless s'teel ConstruCtion rather

to be simpler and less expensive to design than glass was chosen to permit rough han-

a liquid nitrogen system providing cooling to dling during transportion, installation, and

77°K. In addition to simplicity and lower removal. The 81/_ inc h inside diameter ac-
cost, there is a noise figure improvement in cepted the existing uncooled breadboard par-



340 RELAY I--PART II

PLUGS
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PRESSUR[ SCREWS

(BARE USED)

SEALIN

PLATES

LIOUIDNTROGEN
-196UC

FmURZ 3-16.--Dewar cap and sealing mechanism.

amp with a minimum of alteration, and 13.6
liter capacity was considered sufficient for a

reasonably long life system.
Since the Relay paramp was antenna

mounted, it was necessary to design a suitable
Dewar cap to permit tipping the paramp

assembly without leaking, or causing exces-
sive evaporation of the liquid nitrogen. Due
to the extremely low temperature (77°K)
and low viscosity of liquid nitrogen (0.15 vs.
water at 1.0), design of a rather unique cap
and sealing mechanism was necessary (see
Figure 3-16). The cap consisted of a phenolic
shell, filled with a 3-inch thick piece of styro-

foam fitting on top of the sealing mechanism.
Styrofoam proved to be a very effective in-
sulator in this application.

The Sealing mechanism consists of two
large diameter stainless steel plates, arranged
so that they can be drawn mechanically to-
wardbne another after:installati0n in the

Dewar. Sufficiently high force is generated
when the plates are forced together to cause

the teflon washers separating them to "cold
flow" radially and thus tightly hug the inside
of the Dewar, filling all imperfections in the

Dewar itself. When properly installed this
form of gasket proved to be a very effective
seal for liquid nitrogen.

Evaporation rates of the Dewar with and
without cap and at different attitudes is
given in Figure 3-17. Eight to twelve hours

between necessary filling operations is con-
sidered reasonable.

Figure 3-18 is a photograph of the Relay
parametric amplifier body. The coaxial input
is located on the top of the Dewar lid ; a thin
walled stainless steel coaxial waveguide goes
through the Dewar lid to the varactor hous-
ing. The coaxial and rectangular waveguides

extending through the Dewar cap are con-
structed of thin wall stainless steel to mini-

mize the loss of heat. Figure 3-19 shows the
parametric amplifier body mounted on the
underside of the Dewar cap sealing plate. The
signal tuner drive used to resonate the signal
circU:it and the Ku:t_ner drive m_hanisms
used to resonate the idler circuit are also

shown. The complete paramp assembly with
the Dewar in place is shown in Figure 3-20.

The paramp is cooled by both conduction
and convection. To prevent any liquid nitro-
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m_ ,0 •

m

FIC, URE 3-17.--Dewar evaporation rates.

FZGURE 3-18.--Paramp body.

FIGURE 3-19.--Paramp mounted on Dewar cap.
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FIGURE 3-20. Complete paramp assembly.

gen from leaking into the RF circuitry par-
amp body is pressurized with dry helium
gas. Dry helium is pre-cooled through a cop-
per tube coiled in the Dewar prior to enter-
ing the paramp cover.

Since the sealing of waveguide joints and
tuning mechanisms are difficult, a cover is

provided to slip over the paramp and tuning
mechanisms. Helium is vented at the top of
the Dewar cap on the pump waveguide for
purging the system of moisture prior to cool-
ing the paramp.

The liquid nitrogen level is monitored re-
motely in the test station van. Since the
receiver had a requirement for operating on
various a_ntenna mounts, a level detecting
system had to be capable of providing indica-
tion even when the receiver was rotated or

tipped to the horizon in any direction. A
cylindrical parallel plate capacitor was chosen
since the Dewar was cylindrical. The capaci-
tance is varied by the change in dielectric

constant of the liquid between the plates.
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FICURE 3-21.--Liquid nitrogen level detector schematic.

Most commercial liquid level detector units
have small diameters and would not record

liquid level for all attitudes of the Dewar.
The outside diameter of the parallel plate

capacitor was thus constructed to be slightly
smaller than the inner Dewar diameter. Ca-

pacitance of the liquid level capacitor was
1160 pf when empty, and 1590 pf when the
Dewar is full of liquid nitrogen. This ca-
pacity controls the frequency of a unijunction

oscillator which is then discriminated, and
converted to dc level proportional to the liquid
level in the parallel plate capacitor. Figure

3-21 is the schematic of this liquid nitrogen
level detector.

Since it is inconvenient to extend the ca-

pacitor plates to the top of the Dewar, a

thermistor is used in a self-heating mode to
indicate that the liquid level is at the top.
The self-heating mode of operation depends
on the change in thermal conductivity of the
medium surrounding the thermistor. The

thermistor is_biased_such thata stabl_ ther-
mistor temperature is established when it is

immersed in the iiquid nitrogen but not when
surrounded by= c_d-_n[trogen:=gas, since =the
thermal conductivity of the cold gas is less
than the liquid. Figure 3-22 shows the cir-

cuit used to light the system monitor lamp,
when the liquid level has reached the ther-
mistor. When the lamp is lit, the liquid level
indicator can be calibrated.
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Tuning Mechanism

Tuning of the signal and K, band short

are accomplished remotely by motor and gear
box drives mounted on the outside of the

Dewar cap. The activator which moves the

Ku short is itself mounted within the Dewar

in the _ryogenic environment. Power is
transmitted between thegear:boxand the

activator by a slender stainless steel rod, thus

minimizing heat loss. The activator consists

of a lead screw, a bushing supported both top

and bottom, with a nut mounted on the screw
threads. The nut is restrained from rotating,

so that it moves up ancl _o_n the length of

the lead screw as the screw rotates. This

movement of the nut is used to actuate suit-

able levers which moves the shorting piece.

: The leadscrewconsists of approximately
one inch of 10-32 threads, with a 3/32 inch

bearing surface turned on the shaft above the

threads. Backlash in the sysLem is minimized

by selection and fitting of the bearing diam-
eters and the nut and thread combination.

Th'e |earl screw_r0tates_t--i_pm When tuning.
The lead screw bearing surfaces are mount-

ed m Teflon bearings, gtalnTess steel was

originally used, in order to maintain uniform

coefficients of thermal expansion of all parts

over the extreme temperature range encount-

ered by the device (approximately 220°C),

but the support bearings were changed to

Teflon when galling was encountered with
the stainless steel units. For the same rea-

son, the nut mounted on the lead screw was

changed from stainless steel to brass; the
lead screw is lubricated with dri-film lubri-

cant.

An identical parametric amplifier has been

in use for the same period of time at another

site. Here the activators are all stainless

steel and have operated satisfactorily at am-

bient temperature (24°C) for a period of 58

weeks without difficulty.

The parametric amplifier performance

measured at Nutley after nine months' serv-
ice in the field is tabulated below.

Equivalent noise Gain

Temp (°K) (db)

Paramp 75 to 89 18

Bandwidth (Mc)

24 with gallium arsenide and
silicon varactors

TWT and 120-Mc Receiver

The noise figure of a low noise receiver is

determined predominantly by the first stage

_T
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of amplification. Second stage noise figure
contribution to the receiver noise is reduced

by the gain of the first stage. The Relay
receiver design allowed the second stage
noise figure to be less than 5.5 db.

nor

A traveling wave tube was selected as a
second stage amplifier because of its relia-

bility, low cost, and availability. A General
Electric ZM-3113 traveling wave tube was
ordered with the following specifications:

Frequency range: 4.10 to 4.25 Gc
Noise figure: <5.5 db
Gain : >30 db
Manufacturer's test data showed that the

tubes exceeded the above specifications. Tests
agreed on all measurements except the noise
figure; gain was typically 36 db. Figure 3-23
shows a gain versus frequency plot for one
of the tubes. The noise figure was measured
at 4.17 Gc with a noise tube and a 120-Mc

IF strip. The noise figure measured 6.6 db
to 6.8 db. A hot-cold load was also used, and

a 6.7 db noise figure was obtained. An image
rejection filter was mounted after the travel-

ing wave tube to prevent image noise from
entering the mixer, and the same noise fig-
ures were measured. System threshold meas-
urements also indicated the traveling wave
tube noise figure was 6.5 to 7.0 db. This was
the only "cut of specification" measurement
finally accepted.

120-Mc Receiver

The 120-Mc receiver included a varactor

0.2

NOMINAL GAIN 36 db

'_ 0
n_

Z

o_ -o.4

-0.8
Z

_0 -I .2

-1,4

4.0 4.1

FREQUENCY (go)

4,2

multiplier chain for the local oscillator source
to convert 4.17 Gc to 120 Mc. Approximately
80 db of gain is available at 120 Mc. Output
of the 120 Mc receiver with AGC is approxi-
mately +3 dbm. Receiver gain is flat within
± 1 db over a 40-Mc bandwidth (100 to 140

Mc).

Control and Monitoring Circuitry

The control and monitoring circuitry units
are rack mounted in the Communications van

racks, as shown in Figure 3-24; the system
monitor panel is shown in Figure 3-25.

Liquid nitrogen filling of the Dewar is
accomplished by throwing the liquid nitrogen
feed control switch to the VENT position.
Then the switch is thrown to FILL, and the
liquid flows into the Dewar (see Figure 3-4).
The lamp marked FULL is activated by a
thermistor sensor at the top of the Dewar, as

previously described. The balanced crystal
mixer currents are monitored as well as the

AGC voltage in the 120-Mc receiver. A noise

FIGURE 3-24.--Paramp control circuitry and power

FmURE 3-23.--TWT gain vs. frequency plot. supply equipment rack.
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mixer converts the 120 Mc IF frequency to

30 Mc for the Hewlett Packard system noise

temperature monitor; the parametric amp]i-

tier tuning paneI is shown in Figure 3-26.
The PUMP ATTENUATOR switch varies

the pump power while the SIGNAL TUNER

control resonates the signal circuit of the

paramp. The K, SHORT switch tunes the

idler circuit. The SHF signal generator is

used for calibration purposes, and a spectrum

analyzer displays the recelved spectrum. A

switch is provided on the receiver monitor

panel to actuate the waveguide switch at

the input to the low noise receiver. A quick

relative system noise performance check is

made by switching the antenna and a ter-

mination at ambient temperature to the re-

ceiver input and observing the change in

0utpui noise power:with a field intensity
meter.

Low Noise Receiver System Performance

(System performance as measured at Nutley after
nine months service in the field)

Low noise

receiving

system

Noise

Figure

(db)

2.4

1.36

Equiva-

lent

noise

temp

(°K)

214

I07

Band-

Gain width

(db) (Mc)

15 26

18 20

Paramp urlco.|ed

Paramp cooled

FIGURE 3-25.--Paramp system monitor panel.

FIGURE 3-26.--Paramp tuning panel.

DEMODULATION SYSTEM

Development of the Wideband Phase-Lock
Demodulator

The phase-lock FM demodulator for Relay

television reception is an extension to ultra-

wide-bandwidth techniques previously in use

for improving synchronization,* telemetry,**

and Doppler -measuring systems. Where

varying signal strengths are encountered,
such as in satellite transmission links with

limited transmitter power _ oper_ ation - at low
carrier levels, i.e., below the threshold of the
conventional discriminators it is desirable to

extend the visibility period during which the
demodulated signal is of useful quality.

A familiar property of frequency modula-

tion is the exchange of bandwidth for in-

creased output signal-to-noise ratio. For
wide deviations, this "FM improvement"

over an amplitude modulation system of the

same transmitted power is proportional to

the square of the modulation index. How-

ever, this improvement is only available
above a minimum carrier-to-noise C/N level.

Below this minimum threshold which de-

pends on the particular detection circuit used,

the FM improvement vanishes rapidly.

*An early analysis is by Edouard Labin, "Theorie
de la Synchronisation par Controle de Phase," Philips
Research Reports, August 1949, pp. 291-315.

**Wolf J. Gruen, "Theory of AlvC Synchroniza-
tion," Proc. IRE, August 1953, pp. 104_-1048.



346 RELAY I--PART II

Bandwidth occupied by the transmitted

FM spectrum is approximately 2 (_F -t- fro),
where AF is the peak deviation, and f,, is the
maximum modulation frequency. Since the
predetection bandwidth in the receiver must
be sufficiently wide to pass this spectrum
without distortion, a considerable portion of
the receiver front-end noise will be present
in the detector nonlinear characteristic, lead-

ing to interaction between the signal and
noise. The region of input C/N ratios where
interaction becomes important is at the
threshold of the detection system.

Lowering of threshold is the target of
feedback detection techniques, such as the

phase-lock demodulator and the frequency-
feedback demodulator.

Comparison of Phase-Lock and Frequency-
Feedback Demodulators

The phase-lock demodulator feedback loop
causes a local voltage-controlled oscillator
(VCO) to track the instantaneous phase of
the incoming signal; the voltage controlling

the VCO is then proportional to the instanta-
neous frequency and is therefore the desired
output. The loop maintains phase tracking
at a C/N in a noise bandwidth which is lower

than the threshold C/N of a limiter-discrim-
inator. The difference between these C/N

levels is the threshold improvement available
from phaselock demodulation. Frequency-
following demodulators cause the VCO to fol-
low the instantaneous frequency of the signal,
producing a compressed spectrum of the mod-

ulated carrier which may further be filtered
in a narrower loop IF. This raises the C/N
above the threshold of the loop discriminator.

Analyses have been made showing that for
optimally-designed phase-lock and frequency-

feedback demodulators, threshold improve-
ments available are comparable. The phase-
lock system was chosen for development at
STL because of the inherently simpler nature
of the units which make up the phase-lock
loop.

The phase-lock loop consists of only three
units: a VCO, a phase detector, which senses

the phase error between the incoming signal

and the VCO, and a baseband filter-amplifier
which drives the VCO into phase synchro-

nism and controls the loop transient response.
The task of reducing the phase-lock principle
to practice for the extremely wide television
bandwidths is thus greatly simplified. De-
velopment of the phase-lock type demodulator
began in August 1961 and was complete in
mid-1962.

Summary of Phase-Lock Principles

A block diagram of the basic phase-lock

demodulator is given in Figure 3-27.
Input to the FM system is a carrier at a

frequency _c with phase angle modulation

Oi(s)- A,o(s)
s (3.1)

The VCO rest frequency is also at _c; its
phase transfer function is K,Js where K_ is
the control voltage slope in radians/second/
volt. Phase error is generated in the phase
detector, whose transfer function is K_ sin
(0;- 0o) volts. The slope K_ is a function
of input and local oscillator levels. Phase
error voltage drives the filter-amplifier, with

dc gain K_, and frequency response F(s).
Other frequency responses inherent in prac-
tical implementations of the loop may also
be lumped in F(s).

The loop equation is then:

0,,(s) -- K_ sin (t_- 00). K_. F(s). K,__
8

_ KF(s) sin (0f- 0o)
s (3.2)

For a frequency difference between the input

0_ (s)

K_ SIN (0_- 0o) KF
i

0o(_)

vco

FIGURE 3-27.--Basic phase-lock loop.
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and rest frequency of the VCO,_0o(s) may be

written as AoJs, for which

]sinA01-- A_ L1
KF(s) (3.3)

Thus, for a steadyfrequency difference,and

where F(s = 0) -- 1,

I A(o I max "--" g (3. 4)

which is the hold-in range of the loop. Clear-
ly K should be large to minimize phase error

caused by steady frequency errors. The para-
meters K, which is the total gain, has the
dimensions of radians/second.

An additional term affecting K is due to
a limiter which drives the loop. Since the
output power of a bandpass limiter is con-
stant, constant signal level will be fed to the

loop at high C/N ratio conditions, resulting
in constant loop gain. At C/N ratio levels
below + 10 db, the signal component of the
limiter output drops with respect to its maxi-
mum value according to the relation :

eo 1 + a (3.5)
i

where a varies from 1/_ at high (C/N)
• :_ _ ratios, to 4/_ at low (C/N) ratios. The fac-

tor Ka is the limiter suppression.

:+ =The nonlinearity,= sin :(0," 0o), which
limits_the maximum instantaneous phase
error: to./2 =for tracking, isthe cause of loop

thresholding. To analyze the loop above its
:'threshold, phase error is assumed to be small

m:
m
E

enough to use the approximation

sin (0_ -- 0o) = 0_ -- 0o ----A0 (3.6)
s

The resulting closed-loop transfer function
is:

Oo _ KF(s) =G (s)
O_ S+KF(s) (3.7)

The functon F(s) iS chosen to minimize

total tracking error _(s), wh!ch is the dif-
ference between the desired Signal and the
loop output, given an input 0_. Where 0_
_Consists of the modulation m(s) plus re-
ceiver noise n(s), the tracking error is

E_
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_(s) -- m(s) -- Oo

= m (s) - o,G (s)
: _ -- m(s) [1-- G(s)] -- n(s)G(s)

= _,,(s) - _,(s) (3.8)

Since signal and noise are usually uncorre-
lated, each term on the right of Equation
(3-8) must be minimized separately by prop-
er choice of G(S): :

Optimization studies* have resulted in sev-
eral filter characteristics depending on the
assumptions made for m(s) and n(s), and
on the minimization criteria, such as mag-

nitude of e,(s), mean square value. For the
case of television, m (s) is the result of modu-
lation frequency ramps produced by video

transients, n(s) is band limited gaussian
noise modified by wideband limiting, and the
error is minimized on the basis.

_(t) = I _,. + a _. I < _/2 (3.9)

where ,,, is the peak error due to modulation,

,_ is the RMS noise error, and _ the peak
factor for the noise, which is typically 3 for

gaussian noise. In our case, the noise is not
gaussian, because of the wide loop bandwidth
after the phase detector nonlinearity is intro-
duced. An arbitrary choice for _ is made in
the design to be described.

Phase-Lock Loop Application to Television

Signal Demodulation

The loop response G (s), given in Equation

(3-7), which is the baseband response when
the output is the VCO control signal, and the
input is frequency-modulation by the video

*R. Jaffe and E. Rechtin, "Design and Perform-
ance of Phase-Lock Circuits, etc.," IRE Trans. on

Information Theory, March 1955, pp. 66-76.
C. E. Gilchriest, _,,A_pp_li_c_ati0n of the Phase-Locked

Loop to Telemetry as a Discriminator or Tracking
Filter," IRE Trans. on Telemetry and Remote Con-

trol, June 1958, pp. 20-35.
A. J. Viterbi, "Acquisition and Tracking Behavior

of Phase-Lockedq_oopsT' Proc: Symposium on Active
Networks a_d Feedback Systems, Polytechnic Insti-
tute of Brooklyn, April 1960.

C. R. Cahn, "Comparison of Optimized Phase-
Lock and Frequency Feedback FM Demodulators,"

presented at IEEE 6th Region Technical Confer-
ence, 23 April 1963.

17.....
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signal, is obtained in the practical case by
using a loop filter F(s), where:

F(s)-- 1+_2s
1 + _1 s (3.10)

This is an approximation to an ideal inte-
grator ;* a filter of the form of Figure 3-28.
In this basic form,

Vl --- (RI -}- R_) C
and

T2= R2 C

The filter used in the STL demodulator

lumps the forward gain Kr with the fre-
quency response F(s) as in Figure 3-29.

R I

T c
1/,_ 1/_.2

(°) (b)

FIGURE 3-28.--Loop filter and response.

- 1 _-T2s
G(s) =

g " (3.14)

can be made. This second-order response is
a familiar one in servo system analysis. Sub-
stituting for _1 and T2 as follows:

TI 1 2
and T2 -- (3.15)

g -- tOt* i) fflfl

then

l+2 s
_ (3.16)G(s) -- 2 8 2

---8-_--
1 -_ con (on 2

The quantity _ is the loop undamped
natural resonant frequency in radians/sec-
and, and _ is the ratio of the loop damping
to critical damping. The magnitude of G (s)
for s -- ]tO is

[1 1+4_2-t02._2 2_4] 1/2
[ G(/_) I- (3.17)

+ (4_ 2 -- 2)_+

which is the low pass response plotted in
Figure 3-30 for various _ as a function of

R 2 C

FIGtmE 3-29.--Loop filter with gain.

For this case,

T1= KF R'I C
and

v2 --" R2 C (3.12)

The closed loop response is then

1 + r2s
G(s) =

(3.13)

Since K is usually much greater than l/v2,

the approximation

= . •

o

-,6 k [ l I

20 i

O.1 0.2 0.4 0.6 0 8 I 0 ! |

!
FIGURE3-30.--Loop baseband response for various ]

damping ratios. !!

• A useful reference containing design equations :

and graphs applicable to the linear model is by

L. A. Hoffman, "Receiver Design and the Phase-Lock

Loop," prepared for the IEEE Electronics and

Space Exploration Technical Lecture Series, Spring

1963.
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9. 3.0 l---_-- *-

y,6. 2.oI.__ j
,

3 .GI"- 1.5 F------- --_- - -- i

! !

i i

o_ I.o L __I_ _
,I .2

the normalized frequency variable _/_..
The frequency at which the responsepeak

occurs is plotted in Figure 3-31, and the

magnitude of the peak in Figure 3-32, both
as a function of damping factor _. The error

_function 1- G(s) which is due to modula-

tion is obtained from Equation (3.16).

82

1 _ G(s)--H(s)-- : _J
82

1 +2_s,o, q-_-_2(3.18)

which is valid for _ < < K.

In the television case, response to fre-
quency ramps is of most interest, and there-
fore

_b

0_(s)-- s3 (3.19)
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__ _-,,--

, LI
.4 .7 1.0 2.0 5.0

. DAMPING FACTOI_

FIGURE 3-31.--Frequency of response peak vs. damping factor.

where _ is the maximum rate of change of
frequency. The resulting time function may
be shown to be, for _ < 1 and large K,

\

oa .......

D o._ 0,4

I I --
wrO_ , . _ 1_

o_ o,* l,e i,_ 1,i I_ 1,1 2,1

F[GURZ 3-32.--Peak response of loop normalized to

zero--frequency gain vs. damping factor.

______sin Vrl ¢_ _,,,t I]
+ _41-_ _ -- _J (3.20)

Plotting the term in brackets as a function

of _.t (Figure 3-33), it is clear that a damp-
ing ratio { of about V_-/2 results in rapid
decay of the transient term with small over-
shoot. The maximum for this phase error
is then (for _ = V_/2)

-0.4

-0.2 -- -(" = 0.5 -_

o._j __" _o_.o --

_) l 2 3 ,I 5 6 7

_nt

FIGURE 3-33.--Transient phase-error for frequency

ramp.

: - = :
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_m(max) = 1.043 _
'_ (3.21){Dr_

For modulation which includes a subcarrier

at frequency _,,, with peak deviation _,,

the maximum phase error may be computed
from

_.,_ (max) _ _"

The square of the noise component c. in

Equation (3.8) for white input noise of large

bandwidth is the N/C ratio in the loop:

¢ _ I G(J°')"d°__2 C 2_- (3.23)
--00

where C is the input carrier power in watts,

¢ is the noise density in watts/cps, and the

integral is the two-sided loop noise band-
width BN in cps. This is

_,.I 1+ 4_:' I
B_: I_l (3.24)

where _, is in radians/sec. To minimize _,,

damping ratio _ should be 1/_ for which

Bs = _,; however, since _ equal to V_/2

was chosen for good transient response, we

find that BN is now (3/2V2)._,-- 1.06_,.

The maximum error for a frequency ramp

may be obtained from Equation (3.20), and

is approximately*

_ (+e_r/VI-_°)J ',,, [(max): _--_F 1

(3.25)

This is plotted in Figure 3-34.

It may be shown from the equations above

that for the following normal conditions

l<M<5,0.1 < I_,,[ < 1, andO1 < /:< 2

(3.26)

for modulation index, phase error, and damp-

ing ratio, respectively, the required loop
noise bandwidth will be larger than the

minimum IF bandwidth 2fm(M+l). This

means that loop noise error is independent
of _,. For this case, natural resonance _,

should be made as large as possible, with
damping C in the range of Equation (3.26)

above, in order to reduce the modulation

phase error to a negligible portion of the

total loop error.

This consideration is important in the ease'

of practical designs, where large _, is ac-

companied by decreasing ¢ due to time delays

*J. P. Frazier and J. Page, "Phase-Lock Loop
Frequency Acquisition Study," IRE Trans. on Space
Electronics and Telemetry, September 1962, p. 224.

1.80

1"3 1.60

x

1.40

<

z

2_

1.20

1.00
_...__

0.1 0.2 0.3 0.4 0.5 0.6 0.7

DAMPING RATIO _"

FIGURE3-34.--Maximum phase error for frequency ramp vs. L

0.8 0,9 1.0
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and high frequency poles inherent in the
physical realizations of the elements of the

loop.*
It is apparent, iherefore, that if large _,

is available from a given loop circuit design,

with sufficiently large _ (greater than_ 0.1 ),
that maximum modulation phase error may
be smaller for a highly-underdamped, very
wideband loop, than for the optimally-
damped narrowband loop. Further study of

improvement achievable by this means seems
justified.

Description of Demodulator Design

Figure 3-35 is the block diagram of the
overall demodulator, which consists of equal-
izer, IF amplifiers, phase-lock loop, discrimi-
nator, video filter and amplifiers, and meter-
ing and control circuits.

IF

INPUT

-7 dl:.n

!20 mc

NOISE

MONITOR

351

Equalizer

The input, at a nominal carrier power level
of --7 dbm, is fed to an equalizing filter cir-
cuit whose function is to correct phase dis-

tortion produced in the receiver section ahead
of the demodulator,

Figure 3-36 is a simplified schematic of
the equalizer, which consists of four cas-
caded bridged-T sections, with input and out-
put grounded base amplifier stages. Overall

gain is 0 db.

IF Amplifier

Output of the equalizer is amplified by a
widebafi([ IF groundedLbase:stage which

drives a hybrid splitter. The two split signals

*R. C. Booton, Jr., _"Demodulation Of Wideband
Frequency Modulation Utilizing Phase-Lock Tech-
nique," Pro¢. National Telemetering Conference,
May 1962, Session 6.

PHASE FREQUENCY

ERROR ERROR

LOOP

STRESS

+ 16

dbm t20 mc

TO AUDIO

SELECTOR

0 dbm

DISCRIMINATOR

AC

INPUT J .20V l

7 sUPPLY J

s V'P&%

OUTPUTS p-p

LTER _ OUTPUT

TEST T _ T | AMPLIFIER

OU TP U T

TO AUDIO SELECTOR

FI(;URE 3-35.--Block diagram of STL wideband demodulator.
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° ,

_t7

FIGURE 3-36.--IF equalizer.

are amplified, respectively, in a linear stage
to 7 db above the input for the phase-lock
section, and in a limiting stage to 0 dbm for
the discriminator. Bandwidths of these

stages exceed 40 Mc between 1 db points.
Figure 3-37 is an abbreviated schematic of
this IF amplifier module.

IF Driver Amplifier

To obtain high loop gain, power levels into
the phase detector must be large. Nominal
output of the IF amplifier, at 0 dbm, is raised

to _- 23 dbm by a driver module consisting
of three grounded-emitter stages. Overall
bandwidth is at least 60 Mc between 1 db
points. Figure 3-38 shows a schematic of

this circuit. The driver output saturates at
about _ 26 dbm.

Phase Detector

Limiting action is automatically achieved
in the phase detector by increasing the signal
power to a level 7 db greater than the VCO

power. The resulting phase detector slope

i vt

FIGURE 3-38.--IF driver amplifier.

and maximum output is proportional only to
the VCO power, constant over a 20 Mc band
about the VCO rest frequency.

The phase detector (Figure 3-39) is a

four-diode bridge, transformer-driven by the
signal and VCO voltages. Close coupling is
obtained by toroidal cores and bifilar wind-
ings. Variable capacitors are used for noise-
balancing. For reasonable efficiency at the
relatively high carrier frequency at 120 Mc,
diode switching must occur within a small
fraction of one period (8.25 nsec), and diode

forward conduction must be large. The
diodes chosen (CR 1-4) are Microstate gal-
lium arsenide types, with 0.5 nsec recovery
time and 5-ohm dynamic resistance. The re-
sulting phase detector output is 1.5 volts
peak.

Loop F;Iter-Ampl;fier

Design of the loop filter-amplifier follows
the method described in a previous para-
graph, with additional clipping circuits as
shown in Figure 3-39. Resistors R1 and R2

are variable to allow trimming of the closed-
loop response for desired resonance and

z_z

_17 otm_

FIGURE 3-37.--IF amplifier.

$IGII.UkL E1 E2
INlet E_ O_1 ¢f'_ 5) (NEGt .sv

VCO m C_S

*T_ cl_ INI_ Cl7 CRO

,20V -_v

_U_'PUT TO
VCO/,NO

FR_O
)[klOI

FIGURE 3-39.--Phase detector and loop filter

amplifier•
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damping; nominal dc gain of the amplifier
is 20.

Diodes CR5 and CR6 are germanium,

biased by voltages E1 and E2 to conduct
when the VCO control voltage exceeds pre-
determined levels, due to noise peaks. Con-
duction of either diode momentarily reduces

the amplifier gain by increasing the feedback
from the transistor collector to the base. In

addition, diodes CR7 and CR8 limit the maxi-
mum peak-to-peak swing to the VCO to about

one volt. The effect of this multiple clipping
is to reduce the time required for the loop to
reacquire lock once it is lost because of noise

peaks, and thus reduce the length of black or
white streaks visible on the TV disp|ay. Volt-
ages E_ and E2 are adjustable for optimum
streak reduction.

The meters M_ and M2 shown in Figure
3-39 measure average phase and frequency
errors, respectively, for use in initial acquisi-

tion and loop monitoring. The phase error

measured is the dc component of the phase
detector output, and the frequency--error is

the dc component of the VCO control voltage.
Figure 3-40 is a simplified schematic of the
bias sources for E_ and E2, as Well-as t-h-ebase

Video Amplifier

The demodulated_baseband signal, which is
also the VCO control, is fed to a video ampli-
fier with adjustable gain of about 1.4. Fre-
quency response of this amplifier is fiat
beyond the maximum modulation frequency,

since the post-detection bandwidth is later
defined by the sharp cutoff lowpass video
fiIter shown in the schematic of Figure 3-41.

The video amplifier module includes a

bandpass circuit (L1 and C1) 1 Mc wide at
3 db points, centered at 4.5 Mc, to extract

the aural subcarrier for demodulation by an
auxiliary discriminator.

vco

The VCO is designed to furnish a relatively
high, constant power (40 milliwatts), with
frequency a linear function of a control input
voltage. A basic requirement is low input

capacitance and circuit delay, in order not to
seriously affect the effective loop filter time
constants.

This design (Figure 3-42) uses two iso-
lated grounded-base oscillators with varactor
diodes VC1 and VC2 in the collector resonant

circuits. Frequencies of the 0_cillators (425

current source (E3) for the germanium tran- ]Vie and 305_Mc) ar_Mc apar_an_[ have
sistor. Diodes CR9 and CR10 furnish tem- been chosen to mlmmize spurious products in
perature compensation for these l)ias'sources, the balanced m]x_s-CRi thr0ugh CR4,

A loop stress voltage is obtained from a
potentiometer control mounted on the front

panel. This control produces a plus-or-minus
voltage at the VCO control line for initial

locking to the input signal.

÷5V_ _

J _ cR9 _ E2 (NEG)

• _ -e,..- E3 (BIAS)
E_ (POS)

CR I0 ,_>___

1N1_

FIGURE 3-40.--Clipping and base bias voltages

network.

which generate t_ desired difference fre-
quency. Biasing and varactor diode polar-
ities in the respective oscillators are such as

to give differential frequency control. The
result of differential action is first-order can-

cellation of the inherent nonlinear frequency
control characteristic of the varactor as used

in these circuits, as well as doubling of the

slope of frequency change.
The balanced mixer is followed by two

stages of wideband amplification in grounded-

P._E [QUAUZR nt_

. _ .

FIGURE3-41,--Vide0 low pass filter.
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F H --4"425 mc

FL =--305 me

TO AMPLWIER

CR4

FIGURE 3-42.--VCO and balanced mixer.

base circuits. Power level is constant within

0.2 db over a frequency excursion _ 10 Mc
from the nominal rest frequency; slope is 20
Mc/volt and nonlinearity is less than 0.5
percent.

Baseband Circuits

Output of the video amplifier is selected
by a front-panel switch and fed to the low-
pass filter mentioned above. This is followed

by a video output amplifier which has two
functions: seIectable inversion of the video

polarity and impedance-matching to the out-

put cables.
The inverting amplifier, which may be by-

passed by means of a switch on the module,
has an insertion gain of unity, and consists
of a grounded-emitter stage followed by an
emitter-follower. Negative and positive feed-
back paths shape the response for adequate
high-frequency output together with low tilt

for the square waves.
The line-driving amplifier consists of two

grounded-emitter stages feeding a grounded-
emitter complementary-pair output stage.
Five feedback paths control the square-wave
response. Figure 3-43 presents a schematic
of these amplifiers, which is included to show
the multiple-feedback since a few words are

not adequate to describe the circuits.
A variable resistor is used to adjust the

positive feedback at low frequencies for zero
tilt. Two 70-ohm output loads may be driven
simultaneously.

Discriminator Sect/on

The:passive discriminator circuit driven

by the limiting stage of the IF amplifier is
included for two purposes: backup where
the threshold improvement of the phase-lock
loop is not required, or where there is mal-
function of the loop, and for simultaneous

comparison of the respective methods of de-
tection.

INPUT

_- 22_F 82_

.,o,AT_ UF
75 OHMS

[r
[_

R4926

FzCtmE 3-43.--Video output amplifier schematic diagram.
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FIGURE 3-44.--Discriminator and amplifier.

The discriminator (Figure 3-44) consists
of two envelope detectors, each driven by a
tuned circuit of bandwidth and Center fre-

quency required for optimum linear response

o'¢er at least a ± 10 Mc band. The detector
outputs are 'differenced, and this difference

is fed to a two-stage video amplifier consist-
ing of a grounded-emitter transistor and an
emitter-follower. A variable negative feed-
back path adjusts the video gain,and a feed-

back path controls square-wave tilt.
A bandpass circuit, similar to that-_he

T

phase-lock video amplifier, extracts the 4.5
Mc subcarrier.

Both baseband and subcarrier signals from

the discriminator circuitry may be selected
to drive the output lines of the demodulator

by means of two switches on the front panel.

Phys;co# Descr;pt;on

The photograph of Figure 3-45 and Figure

l_:itu.tmA tox D

izo lac

lr _urmn

lrmlco Zat3AUZtl

F_GUR_ 3-46. Relay demodulator chassis layout.

3-46 show the top view of the complete de-
modulator. Circuits are separated on a func-
tional basis in a number of chassis-mounted

modules, intercorme:cted below the chassis by
coaxial cables. Quick access and removal for
maintenance is thus achieved.

The large twin modules in the figures are
commercial power supplies (_- and 20
volts). The demodulator is therefore seIf-

contained: only ac line power and signal are
required. Power drain is about 35 watts at
115 volts, 60 to 400 cps.

Dimensions of the unit are: front panel,
19" wide by 7" high ; chassis, 17" wide and
15" deep. Weight is 32 pounds.

FIGURE 3-45. Complete demodulator.

TV Reception

The design of the STL demodulator for
Relay is capable of resonant frequency o,, of

approximately 25 × 10" radians/second (i.e.,
4.0 Mc), with a damping ratio _ of X/2/2.
For these parameters, loop noise bandwidth
B.v is 26 Mc, which is approximately equal
to the IF bandwidth. Nominal gain of the

components within the loop at strong signals
is 3.8 × 10_ radiahs/sG_Sii_]. Adjustment of
the parameters is such_th_at d am_ng-andres -
onant frequency at _-=2-db C/N are as stated.
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VIDEO

I

NOISE NOISE J FM

SOURCE FILTER j DISCRIMINATOR

ADDER AMPLIFIER CIRCUIT

-- VCO ATTENUATOR -- J DEMODULATOR

I
TEST GENERATOR J DEMODULATC_

FIGURE 3--47.--Experiment to measure TV threshold improvement.

J TV JMONITOR

Input characteristics are: maximum video
frequency (including synchronization pulses)
of 3.2 Mc, deviating the carrier 13.7 Mc peak-
to-peak; aural subcarrier at 4.5 Mc with de-
viation of 2.7 Mc peak-to-peak.

The available threshold improvement is in
the case of television somewhat qualitative
depending on visual criteria. To obtain a
measure of the improvement, the experiment
described in the diagram of Figure 3-47 was

performed.
The white noise source is fed to a filter of

approximately square response, with a noise
bandwidth of 32 Mc. This is equal to the
noise bandwidth of the Relay receiver para-
metric amplifier front end. The VCO is

modulated by standard TV video material
oStai_om commercial television. Rela-

tive power levels of signal and noise are
measured following addition in a linear hy-
brid circuit.

This noisy signal is fed to the wideband

demodulator input. Outputs of the respec-
tive detectors, phase-lock and discriminator-
limiter, are alternately sampled and displayed
on a studio TV monitor. The results of this

experiment, as shown in the photographs of
Figure 3-48, indicate that the phase-lock out-

put is roughly equivalent, at 0 db input C/N,
to that from the discriminator at + 5 db,
yielding a 5 db improvement.

Baseband Noise Measurements

Comparison of the baseband output noise
of the phase-lock and discriminator demodu-

lators, with various input C/N levels, yields

information on the effective threshold of each
device.

Noise power spectrum over the baseband
range of 50 kc to 3 Mc was measured using
an analyzer of 4 kc bandwidth.* The input
consisted of an unmodulated carrier plus
bandlimited noise. The results are plotted
in Figure 3-49. At the point of measure-

ment, 0 dbm corresponds to 11.0 Mc Peak-to-
peak deviation.

For C/Nof +20 db, the output noise levels
of both demodulators are comparable; the
discriminator noise is 5 db higher at 50 kc
due to masking by 1/f noise of the video am-
plifier following the discriminator circuit. At

frequencies above 1 Mc, phase-lock noise in-
creases faster due to a rise in loop response

near natural resonance, which is not cor,
rected in these measurements.

For the discriminator C/N---t-10 db, noise
output is nearly equal to that of the phase-
lock circuit at C/N = +5 db. At lower C/N
inputs, the threshold improvement is main-

rained: both demodulators exhibit approxi-
mately fiat noise spectrum as predicted by
S. O. Rice.** It is postulated that loss of lock
in the loop, characterized by 2_ radian phase
steps, contributes to generation of noise with

fiat frequency spectrum to fill in the normally
triangular characteristic of FM noise.

For the_case of a sine-wave modulated car-

*These measurements were made at Bell Telephone
Laboratories, Murray Hill, N. J., by J. G. Chaffee
and A. J. Giger.

**S. O. Rice, "Statistical Properties of Sine Wave
Plus Random Noise," Bell System Technical Journal,

January 1948, pp. 109-157.
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rier, with C/N _- -t-9 db, enhancement of the
noise output, (as noted by Giger and Chaffee
for the frequency-following demodulators)*
is apparent from Figure 3-50. This enhance-
ment is severe for wide deviations by high
frequency modulation, where loss of lock is
increased by modulation phase error. For
the discriminator, noise enhancement is not

a function of the frequency of the modula-
tion, whereas phase-lock loop noise is little
affected by a 100 kc signal at _+10 Mc de-
viation.

Pre-emphasis of high frequencies in the

signal does not, therefore, improve a band-

• A. J. Gi'ger and J. G. Chaffee, "The FM Demodu-

lator with Negative Feedback," Bell System Tech-
nical Journal, July 1963, p. 1127.
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width-limited phase-lock demodulation link.
The effect of this modulation noise enhance-

ment is to generate additional lower-fre-

quency noise which tends to subtract from

the threshold improvement available for the
unmodulated carrier.

AUTHORS. This chapter was written by R.

S. EASTMAN and R. A. MILLER, JR., of TRW/

Space Technology Laboratories, Inc., Redon-

do Beach, California, U.S.A. under contract

NAS 5-1302 with NASA/Goddard Space

Flight Center.
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Relay System Operations (I- --.

1This paper discusses the operational aspects of Relay with respect to the tech-

niques used in operating the spacec_i:aft_fi_()r]31-tand the experience acquired during

the extended period of suceessfd_l-_in:0rbit operation.

A descrlpt]on is given of the_Rel_ay Operations Center and _its functions, including !

the support communications network of telephone, teletype, and video monitor links /
that were required for effective control of the satellite and coordination of operations. /

The requirements for satellite Command and for real-tim_ telemetry data reduction
/

and evaluation are outlined, and-a description is given of the system used to meet /
these requirements. Examples are given of how the system was applied to specific /
operational situations, r

The operation of the sat-eTI-_te involved the issuance of_operationaI plans that /

provided for scheduling of communication experiments and of station- participation. /

A discussion is given of the basis for such scheduling, such as selection of specific /
orbit revolutions for specificstat_ns and experiments on the basis of mutual visibilities, /
slant ranges, spacecraft look angles, ground antenna elevation angles, eclipses, and /

spacecraft duty cycle. The effect of precession of the orbit on mutual visibilities is

also discussed, y_)

INTRODUCTION such as the GSFC Data Processing Branch

and the Minitrack Network. ,,
The problems connectedwith the operation The objectiveof Relay was to demonstrate

of a system employing earth satellitesare the feasibilityof one-way wideband and/or

complicatedby the inherentshortlifetimeof two-way narrowband transmission between

such satellitesand their inaccess_i|ityfor distantareas (suchas the United Statesand

adjustments or repair once in orbit. Suc- Europe) by means of a low-altitude,active-
cessfulConduct of operationsrequired not repeatersatellite.This objectivewas accom-

only well-definedexperimentplans,but strict plished. Relay alsocarried a radiationex-

operationalprocedures which provided for periment package which gathereddata on the
maximum Utilizationofthe satellitelifetime radiationenvironment encountered and its

andguarde_against its misuse, effect on solid-state devices such as solar cells.
Operational pract[ices employed on Relay

took intoaccountthe capabilitesof the entire SYSTEM DESCRIPTION
system,includingthe spacecraft,the partici- The Relay system-consistedof the orbiting

paring Communication st_f0fis, _the_ GSFC satellite, th6-coml_ieX oi']Jarti_c_patifig-ground
Test Stations, the SuPport_ communications and test stations, (Si3era-tl"_ons Center, and

network, and specialized NASA facilities GSFC supporting activFties_(see Figure 4-1).

359
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NARROWBAND _ WIDEBAND AND NARROW-

TRANSMISSION A_BANDTRANSMISSIONwIDEB

• • 1 J COMMOJ - MOJAVE. CAL. I CrOMAND - ANDOVER, MAINE
COMRIO RIO DE JANEIRO I I COMMOJ - MOJAVE, CAL. _ CO- ' I _I MHIL- GOONH LLY, ENGLAND

COMGEB- RAISTING, GERMANYI _j COMBOD- PLEUMEUR-BODOU, FRANCE

t I -- "-F- _---I_'_T- I COMTEL-FUCINO,ITALY
.... - ....... _ I I REALTIME I J (RECEIVEONLY)
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i

1
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t
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CENTER

COMSOC
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DATA SYSTEMS
DIVISION

1
t

I NETWORK TIE-INFOR DEMONSTRATIONS

-- OPERATIO N

PLANS

h
ORBIT PREDICTION
DATA

FIGURE 4-1.--Relay system•

The Relay satellite was basically a micro-
wave repeater which received communication
signals on a nominal frequency of 1725 Mc

and retransmitted on 4170 Mc. The repeater
could transmit a one-way television signal or
twelve simultaneous two-way telephone con-
versations. Communications satellites such

as Relay (lifter Considerably from the scien-
tific variety in that almost all the experiment
data is gathered on the ground by commu-
nication stations. Each participating station

performed experiments; the performance of
the spacecraft transponder was considered

a known quantity based on prelaunch labo-
ratory measurements. The communication
experiment data were unique to each ground

station. Additional data on the spacecraft
components were telemetered to measure their
performance characteristics and to deter-

mine the current status or long-term degra-
dation of the satellite.

In addition to a redundant wideband com-

munication system, the spacecraft had a radi-
ation experiment package, electrical power
system, command and telemetry system, and
supporting structure. The spacecraft con-
tained earth horizon and sun sensing devices,

an attitude control system, a precession
damper and an active thermal controller. The

spacecraft was designed to provide 100 min-

ues total wideband operation per day over
three or four consecutive orbit passes and
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approximately eight hours of radiation ex-

periment data per day.

The participating stations consisted of the
American Telephone and Telegraph station

at Andover, Maine (COMAND) ; the Inter-

national Telephone and Telegraph station at

Nutley, New Jersey (COMNUT) ; the Brit-

ish Post Office station, Goonhilly Downs,

Cornwall, England (COMHIL) ; the National

Center of Telecommunications Studies

(CNET) station, Pieumeur-Bodou, France

(COMBOD) ; Telespazio station at Fucino,

Italy (COMTEL) ; two Deutsche Bundepost

stations at Raisting, Germany (COMGEA

and COMGEB); Radio Nationale, Rio de

Janeiro, Brazil (COMRIO) ; Kikusai Densin

Denwa Co., Ltd., Ibaraki Prefecture, Japan

(COMIBA); and Radio Research Labora-
tories of the Japanese Post Office located at

Kashima-Machi, Japan (COMKAS). Table
4-1 lists the basic characteristics of each

station.

The two GSFC control and test stations

used as primary command posts are located

at Nutley, New Jersey (COMCON) and Mo-

jave, California (COMMOJ). Each test sta-
tion was contained in two mobile trailers

joined to form a single unit. In addition to

its command and telemetry capability, each

site had a wideband test capability. This pro-

vided a continuous capability for periodic

examination of the communication link per-

formance of the satellite to detect degrada-

tion of the system.

All experimental scheduling, spacecraft

command and control, and real-time evalua-

tion of spacecraft status was carried out at

an operations center located at GSFC. The

functions of this center are detailed in a

subsequent section of this volume.

The remainder of the Relay system con-
sisted of GSFC support activities providing

orbital prediction data, telemetry data proc-

essing, and satellite tracking information.

The operational support communications net-

work, which was used for all operational

traffic, was supplied by GSFC. The NASA

STADAN stations, a network of fixed ground

stations throughout the world, provided pre-

cision tracking, command and telemetry for
the satellites. These stations were used with

Relay to gather telemetry data and to pro-

vide tracking information for orbital com-

putation.

RELAY OPERATIONS CENTER

in order to assure that experiment sched-

uling, daily operations planning and data

processing were handled inan efficient man-
ner, a center was established for this purpose.

This center, referred to as the Communica-

tions Satellite Operations Center (COMSOC),

also provided a centralized command post to

exercise control over the satellite.

The primary function of the center was

to coordinate coln-munication experiments

among all participating stations and agen-

cies to insure that experiments were per-

formed in accordance with participant

requirements. This coordination eventually

resulted in-thegeneration of a specific oper-
ation plan which was issued daily and was

considered the controlling document.

Both GSFC test stations processed telem-
etry data which were printed out in the

operations center on a real-time basis. Dur-

ing each scheduled pass the test station

assigned command responsibility was in tele-

phone conference with the operations center.

All commands sent to the spacecraft were
listed in the Daffy Operations Plan and trans-

mitted by the assigned test station at the
specific times listed, after verbal acknowledg-

ment by the operations center. This allowed
COMSOC to assure that the proper com-

mands were being transmitted in the proper

sequence. COMSOC could also change any
commands or instruct that other commands

be sent to the spacecraft at any time during

an operation. The final responsibility for
spacecraft commands always rested with the

operations center. The telemetry data were

evaluated in real-time during the operation,

and spacecraft commands could be required

at any time when the data indicated that

systems must be turned on or off.

Spacecraft telemetry evaluation was per-

formed at the operations center in real time
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TABI_ 4-1.--Relay Ground Station and Test Station Design Charactem'stics

Station

Andover, Maine

_round station.

Fucino, Italy

ground station.

Goonhilly Downs,

England ground

9tation.

Mojave,

California test

_tation.

Nutley,

New Jersey

test station.

Nutley,

New Jersey

ground station.

Pleumeur-Bodou

France ground

3ration.

Pufisting,

Germany

_round station.

Rio de Janeiro,

Brazil ground
_tation.

Transmit and

receive capability

One-way tele-

vision and 300-

channel

telephony; two-

way, 12-channel

telephony.

Receive 12-

channel

telephony.

One-way tele-

vision and 300-

channel tele-

phony; two-way,

12-channel

telephony.

Wideband test

signals .........

Wideband test

signals ........

Two-way,

12-channel

telephony.

One-way tele-

vision &

300-channel tele-

phony; two-way,

12-channel

telephony.

Gain
Antenna Receiver

1725 Me 4170 Mc

3600-ft 2 aperture 50.2 db 57.6 db 4°K Maser

horn, AZ EL

mount, under

radome.

30-ft-diam No( 48.6 db Cooled

Cassegrain appli- parametric

parabola, AZ-EU cable amplifier

mount.

85-ft-diam

parabola,

AZ-EL mount.

50.7 db 58.4 db Maser

40-ft-diam 44 db 52 db 120°K

parabola, cooled

X-Y mount, parametric

amplifier

Same as Nuttey 42.9 db 51.1 db 120°K

ground station, cooled

parametric

amplifier

40-ft-diam 42.9 db 51.1 db 290°K

Cassegrain parametric

parabola, amplifier

AZ-EL mount.

One-way tele-

vision and

300-channel

telephony;

two-way, 12-
channel

telephony.

Two-way,

12-channel

telephony.

3600-ft 2 aper-

ture horn,

AZ-EL mount,

under radome.

85-ft-diam

Cassegrain

parabola, AZ EL

mount, ureter

radome.

50.2 db 57.6 db 4°K Maser

Maser

35-ft-diam 40.2 db 48.2 db 290°K

Cassegrain parametric

parabola, AZ-EL amplifier

mount.

Total system
noise temp
at 7.5 ° elev

50.8°K

220-250°K

100°K

200°K

200*K

420°K

50.8°K

420°K

1725-Mc
transmitter

output

10 kw

Not plannec

10 kw

10 kw

10 kw

10 kw

10 kw

Not planned

10 kw
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during the pass for its effect on the planned
operation. Long-term evaluation of this data
was also performed as an aid in determining
spacecraft duty cycle and general degrada-
tion.

The participating communication station

was often contacted by telephone or teletype
facilities immediately prior to the intended
pass, so that a readiness report could be
obtained prior to the planned operation. Dur-
ing some critlcai passes where more than
two stations were involved or where precise
switching or cueing was required, the sta-
tions were placed in telephone conference.

SUPPORT COMMUNICATIONS

To achieve the objectives of Relay, it was

necessary that a great amount of data be
handled in a smooth and expeditious man-
ner. This was accomplished by use of a
teletype network as the primary communica-
tions medium. Orbit prediction and pointing
data, monthly and daily operations plans,
station operations reports and operation
summary reports were transmitted via this

system. Real time telemetry data, which
was reduced at the test stations, was printed
out in real time at COMSOC by a 100 word-
per-minute simplex teletype.

The teletypewriter communications were
provided between COMSOC and all par-
ticipants on a 24-hour-per-day basis. End
equipments Were not necessarily manned 24
hours per day but were capable of receiving
teletype traffic while unattended. Tape re-
perforators were provided at all stations so

that punched paper tape could be used for

reading IGS_C topocentric coordinate sat-
ellite predictions into the station computers.
Full-period telephone service was also
provided between COMSOC and the partici-
pating stations so that real-time voice in-
structions and data could be handled. The

Rio de Janeiro station and the two Japanese
stations were serviced by telex and toll tele-

phone. Figure 4-2 gives a simplified block
diagram of the operational support commu-
nications network for Relay. There was an
occasional need for a conference arrangement
of all stationson the teletype set. This was

_ ! I coMcoNJ
" TEEPHO NE FULL PERIE)I:)" _._ L_00_F_TE,E_PE_ l ltt

vIDEO MONITOR _ 1 I i / / _FULL PERIOD TELEPHONE------I

,_---h-_Lil/ir-_-_ .I :O_N0I

100 WPM TELETYPE TTY "l

-- -- t

--TOLL TELEPHONE _ _TTY --I, ,11 ---

NOTE:

FULL PERIOD TELEPHONE CIRCUrl

IS GSFC $CAMA NETWORK

.[ coMR ]

COMHIL .j-_ 1TY

COMGEA

COMGEB

FmURE 4-2.--Relay ground communications.
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sometimes required when specific instruc-
tions were needed at more than one station
simultaneously, although voice communica-

tion via the full-period telephone circuits
was the primary means of issuing commands
to the test stations and instructions to par-
ticipants. All teletype traffic handling was
accomplished in accordance with established

GSFC procedures for a torn tape relay. This
network has since been computerized, pro-
viding complete automatic switching capa-
bility.

STL (COMSTL), RCA (COMRCA), and
GSFC Relay project office (COMSAT) were
also in the communications network, to pro-
vide liaison as required.

TELEMETRY REQUIREMENTS

The spacecraft telemetry system consisted

of two redundant transmitters and a single
encoder. Either transmitter could be modu-

lated by the encoder or by the output of
a horizon scanner. The transmitter oper-
ated at frequencies of 136.620 and 136.140
Mc. The system was Pulse-Code-Modulated
at a rate of 1152 bits per second. Each
telemetry word consisted of nine bits, mak-
ing a total of 128 telemetry words. Words
4 through 17 and 29 through 128 were used
for the transmission of data from the radia-
tion experiments. Of the remaining telem-
etry words, 1, 2 and 3 were used for a 27-

bit frame sync. Thus only 10 main telemetry
words remained available to monitor space-
craft performance. One of these telemetry
words (No. 28) was submultiplexed into 64
channels, so that there were 73 channels
available for monitoring spacecraft perform-
ance. Figure 4-3 indicates the telemetry
word assignment.

Telemetry data from Relay could be re-
ceived by all STADAN stations and by the
two test stations. 0nly the two test stations
had the capability of prbcessing the telem-
etry data in real time to make it available
for use during actual transponder opera-
tions. Figure 4-4 shows the station telemetry

system.
The telemetry data was arbitrarily sepa-

rated into three classes. The first, Class I,
was processed in real time at the two test

stations and displayed by means of a strip
chart recorder and a limit checker to give
GO/NO-GO indications. These items were

considered the most critical parameters and
served as a backup when the more refined
real-time Class II data were not available.

Class II data was likewise processed at the

test stations; it was reduced by a small
service computer (Packard Bell 250), trans-
mitted to the Operations Center via the
100-word teletype circuit, and printed out
in real time. This data indicated spacecraft
performance and was used in real time as an

aid during the conduct of operations. All
received telemetry data were recorded on
magnetic tape for subsequent mailing to
GSFC for processing. Telemetry data in this
form are referred to as Class III. A separate
classification was required for horizon-scan-
ner data, which could bd telemetered only
when the encoder was off. The horizon
scanner data were likewise recorded on

magnetic tape and mailed to GSFC for proc-
essing. Under normal circumstances there
were no critical time requirements on Class
III data. The radiation experiment data
were in this latter category. Processing was
accomplished at GSFC for subsequent trans-
mittal to the GSFC, SUI, and BTL radiation
experimenters.

Class I data, as indicated, were reduced

and displayed in real time at the test sta-
tions to provide a basis for a GO/NO-GO
decision regarding the planned wideband
communication experiment for the given
pass. The Class I telemetry items are listed
in Table 4-2 and represent the most critical
parameters that affected the gross perform-
ance. In addition, the command verification
channels are included as part of the Class I
items. Items processed by means of a PCM
limit checker gave red or green light indi-
cations when the parameter was within ac-
ceptable limits. Some of these verified the
occurrence of certain events in a normal

operation. The transponder regulated bus
voltage indication went from red to green
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F[(_uR_ 4-3.--Telemetry main frame word assignment.

_LLIMIT CHECKER ]

.......... mu ......... Imm
I

DO

TTY ]___ TO CLASS
PB 250 TAPE COMSOC

COMPUTER DISTRIBUTOR

SUBMULTIPLEXER 1

SOLAR CELL
EXPERIMENT

MAGNETIC I MAILED TO

TAPE _GSFC FOR GLASS ]ZI

RECORDER 1 PROCESSING

F_CURB 4_1. Telemetry flow diagram at test station.

when the transponder was commanded on,

the Main IF AGC voltage indication went

from red to green when a transmitting

groundstation was illuminating the space-

craft with a wideband carrier, and the TWT

power output and TWT beam current indica-

tions went from red to green when the trans-

ponder high power came on. A green light

indication was also given when the radiation

experiment was turned on.

On the seven items processed through the

limit checker, the battery voltage and the

battery temperature were considered the

two most critical. Battery voltage indication
was red when it was below 22.5 volts. The

battery temperature indication was red when
it was above 32.5°C. Both of these condi-

tions were considered critical, and operations

with the transponder were not attempted

unless both indications were green.

All the Class ! items were displayed on a

strip-chart recorder showing analog meas-
urements of telemetry voltages. This per-
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TABLE 4-2.--Class I Telemetry and Limit Checker Items

Telemetry items

Main word

"18

19

2O

Sub com
Item

TWT power output ................

Unregulated bus voltage ............
total battery current ...............

Approximate values

* *Limit
checker

A range red

0-1.0

TLMvolts

B range green

1.0-5.0

0-1.5 1.5 5.0

Sample rate

l/sec

1/sec

1/sec

*24 __ Main IF AGC voltage ............. 1/sec

28 09 TWT helix voltage ............................................. 1/64 sec

*28 11 Rad. exp. regulated bus voltage ..... 0-3.5 3.5-5.0 1 64 sec

*28 16 Transponder regulated bus voltage___ 0-1.5 1.5-5.0 1/64 sec

*28 17 Battery No. 1 voltage ............. - 0-3.0 3.0-3.0 1/64 sec

24

26

35
43

51

63

Command verification, JKI .........

Battery No. 3 temperature .........

Command verification, ABC ........
Command verification DEF ........

Command verification, GHI ........

TWT beam current ................

3.6-5.0

0-3.0

0-3.6

3.0-5.0

28

*28

28
28

28

*28

1/64 sec

1/64 sec

1/64 sec
1 64 sec

1/64 sec

l/64 sec

*Item further processed through a limit checker to provide red-green light indication.
**The normal indication provided by the limit checker is a red light when the telemetered voltage is in the "A" range

and a green light for the "B" range.

mitred interpretation of the data with fair
accuracy by use of the calibration curves. As
previously indicated, the primary use of
Class I data was to provide a backup capa-
bility in the more elaborate Class II data

system. Class I data was not normally con-
sidered sufficient information for operation
of the wideband transponder except in spe-
cial circumstances. Some operations were

started using Class I data when difficulties
were encountered in the Class II until that

system was operating. Likewise, some passes
were started on Class II data and finished on
Class I when difficulties were encountered.

Class II data consisted of 40 spacecraft

system items plus 5 test solar cell measure-
ments. These were selected from the total

bit stream and processed to provide a print-
out of data in engineering units. These items

were selected by considering the most critical
priorities and limiting the total amount of
data so that the resultant printout would be
compatible with a 100 word-per-minute tele-
type circuit. These data, when processed and
transmitted via the teletype circuit, pro-
vided data printout in real time. In the

actual system there was a delay of only a
few seconds from the time the telemetered

item was monitored in the spacecraft until
it was printed out in the operations center.
Figure 4-5 gives a printout of a typical
block of Class II data as received at the

operations center.
Main telemetry word 28 was submulti-
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plexed into 64 channels, so that 64 seconds gr0up ilne. Table 4-3 gives a complete list-
were required to monitor all telemetry points ing of all Class II items.
in the spacecraft. Each block of Class II Additional items are given at the end of

data required 64 seconds to print out and the ciaSsiIpr_ntout. The first five (see line
covered a time span of the same duration. 13 of the format) are five solar cell measure-
Main frame words monitored as part-0f ments of the radiation damage experiment
Class II were Sampled once l_ef_Secon_,_i_t i to provide the _SFC project scientists with
were only printed out every 16 seconds.
These items were printed out frequently
enough to determine performance an_--Yet

conserve the available time-spacing provided
by the computer-teletype system employed.

The first line of the example given in
Figure 4-5 consists of the stationdesignat0r,
date-time group and the ma_n telemetry
items; these were printed out every 16 sec-
onds. The letter "N" designates the Nutley

Test Station, 64 is the year, 085 is the day
of the year, 05 is the hour, 39 is the minute

of the hour and 47 is the second within the
minute. The telemetry word immediately
following the date-time group is the TWT
output power in telemetry volts followed by
the unregulated bus voltage in volts, the
total battery current in amI)s, t]_e command

receiver AGC in telemetry volts, the active
thermal sensor temperature in degrees C
and the Main IF AGC voltage in telemetry

volts. These items are main telemetry words
18, 19, 20, 21, 22, and 24. Immediately fol-
lowing each date-time group andmain telem-
erty printout lines are two lines of items
from subcommutator No. 2. Each printout

was preceded by the subcom channel desig-
nator; it can be seen from the example that
channels 03, 04, 05, and 08 were printed out
immediately following the first date-time

N64085053947 i.70 26.08 2/92 3.29 2/91 2.24
03 -19.5 04 25.8 05 !171 08 3.35
09 4.04 11 .tO 12 loll 13 2102 16 22.3

N64085054003 !.71 _6.OS 2/92 3.29 30/98 2.27
17 26.4 19 3.80 20 3157" 21 -35/1 24 1.95'

25 26.5 26 3169 27 .02 31 3.23 32 1.32

N64085054019 1.71 26.15 2/92 3.27 2/80 2.24
33 26.4 34 3.08 35 2.00 40 4/41
41 4/56 42 2/!1 43 1.30 47 1.27 48 .01

N6085054035 i.71 26.08 2/91 3.29 2/91 2.24
49 -2_8/0 _0-1._4--5f 1.95 54 2.97 55 .11 56"2.98
59 -2/56 63 4610 64 41_5

142 138 154 I_? 14 9 11 !/33

FIGURE 4-5. Typical block of class II data.

quick-look data on these particular cells. The

next item is thesun aspec t indicator output,
which must be converted by use of a calibra-
tion chart to sun look angle. The last item

of the format is the solar array bus current
in amps. The computer provided a double
line feed printout at the end of each Class II
data block to allow a space between each 64
seconds of data.

The computer output was in the form of a

punched plastic tape, compatible with stand-
ard teletype equipment; this tape was fed
immediately into the 100-wpm teletype tape
distributor. This was physically mounted

so that the tape loop between the computer
and the tape distributor was only a few
inches.

The operat_-i0ns center received this-data

in the form of standard teletype page print

and teletype reperforated tape, so that if
necessary th_e- d_ata could be retransmitted to
other locatipns: This data was provided to
RCA on a routine basis for their information
and to STL on a routine basis whenever a

detailed examination was required.
One key to the successful use of the PB

250 computer at the test stations was the
simplified method of telemetry calibration.
Most spacecraft telemetry sensors have a
nearly linear calibration characteristic. For
this reason all_items of Class II telemetry
were linearized where a good fit could be
made over the expected operating range of
the parameter in question. Those telemetry
calibrations which could not be fitted, to a
reasonable degree, with a straight line were

printed out in the Class II data as actual
telemetry voltage. The result was that most
items were printed out in engineering units
and the remaining items were printed out
in telemetry volts. A number of signal pres-
ence measurements having no meaningful
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Telemetry
word

18

19

20

21

22

24

28/3

28/4
28/5
28/8
28/9

28/11

28/12

28/13

28/16

28/17

28/19

28/20

28/21

28/24

28/25

28/26
28/27

28/31

28/32

RELAY I--PART II

TABLE 4-3.--Class II Data Items

Item

TWT power output

Unregulated bus voltage

Total battery current

Command receiver AGC

Thermal controller sensor temp.

Main IF AGC voltage

Thermal controller position

Voltage limiter current

TWT power supply No. 1 temp.

TWT collector voltage

TWT helix voltage

Radiation experiment regulated bus

TWT collector temp.

TWT power supply No. 2 temp.

Wideband regulated bus voltage

Battery No. 1 Voltage

Tlm. trans. No. 1 power output

Encoder temperature

Lower surface temp.

Command verification JKI,

Battery No. 2 voltage

Battery temp. 1-2

Tim. trans. No. 2 power output

Wideband receiver L.O. output

Wideband beacon output

Telemetry
word

28/33

28/34

28/35

28/40

28/41

28/42

28/43

28/47

28/48

28/49

28/50
28/51

28/54

28/55

28/56

28/59

28/63

28/64

29-128/18

29-128/19

29-128/23

29 128/25

29-128/27

16-17

26

Item

Battery No. 3 voltage

Narrowband signal presence channel 1

Command verification AGC

Current transducer temp.

Wideband baseplate temp.

Battery temp. 2-2

Command verification DEF

Wideband trans. L.O. output

Thermistor No. 8 temp.

Solar panel temp. 3B-1

Narrowband signal presence channel 2

Command verification GHI

Wideband H. level mixer drive

TWT power input

WB beacon L.O. output

Collar assembly temp. No. 1

TWT beam current

Collar temp. No. 3

Solar cell 16 NP/60

Solar cell 17 N/P 60

Solar cell 21 GA 3

Solar cell 23 GA 12

Solar cell 25 GA 60

Sun aspect indicator

Solar cell bus current

calibration other than giving gross ON or
OFF indications were also printed out as
telemetry volts.

Figure 4-6 indicates a typical calibration

curve for a spacecraft measurement and also
shows the linearized approximation which is
used in the PB 250 computer. Figure 4-7
is the telemetry calibration for the wideband
received signal strength; it is obvious that a
complex curve like this cannot be reasonably
approximated by a straight line. This type
of item is therefore printed out in telemetry
volts. Items which are not accurately linear-
ized (linear approximation does not fit curve
precisely) are flagged in the Class II format
by the use of the slant symbol for a decimal
point. This can lJ_ seen in the sample format
given in Figure 4-5, where the symbol in-
dicates that the data should not be used for
accurate evaluation without consulting the

calibration curve. All items which are print-
ed out as te]emetry volts are given to two

decimal places. Most other items are given
to only one significant decimal place.

Figure 4-8 gives five typical blocks of
Class II data which were taken from an

operational pass. Each block given in the
example is annotated for each area of con-
cern in the spacecraft system to illustrate
the relative distribution of items for each

subsystem. This example is intended to
illustrate the ease with which the data can

be interpreted after one becomes familiar
with the items listed. One other aspect of
the utilization of a compatible teletype sys-

tem is that the page print of the data pro-
vides a permanent copy of reduced telemetry
information easily stored for future refer-
ence.

The immediate use for Class II data was

at the operations center to verify the com-
mand status of the spacecraft and to de-
termine spacecraft condition prior to any
planned operations. During normal routine
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FIGUnE4-6. TWT collector temperature TM
calibration.

operations, only one minute was required

for complete examination, although five min-
utes of Class II data were usually taken prior

to the operation of the transponder. The
data were then continuously reduced and
printed out during the entire operation, plus
two or three minutes of data taken after the

transponcler had been turned off. The data
at the end of the pass were used to insure
that all systems turned off as commanded

and for a final check of the spacecraft.
A selected number of Class II data items

were plotted on a routine basis after each
operational pass. These were retained in the
operations center to provide a record of per-
formance. Some of these items, such as bat-

tery dischage characteristics, were used in

Fmum_ 4-7.--WBCS No. 2 receiver input TM

calibration (main IF AGC voltage).

determining the available duty cycle of the
spacecraft. Solar array output character-
istics and spacecraft temperature histories
were likewise provided for use in detailed
analyses. Performance characteristics of the

wideband system were also plotted and re-

corded so that long-term degradation could
be observed:

All telemetry data received by either the
test stations or the STADAN stations were
recorded on magnetic tape; as noted above,
this constituted Class III data. The NASA
STADAN stations were scheduled to turn

on the radiation experiment and record Class

III data during =periods when visibility did
not exist at the test stations. This data was

mailed t0 GS_Cfrom all receiving_ si£es fpr

processing and subsequent transmittal to the
GSFC, SUL and BTL radiation experi-
menters.

A computer routine is available at GSFC

for processing of spacecraft performance

data as well as radiation experiment data.
Whenever anomalous performance was in-
dicated in the Class II data, the revolution
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SYSTEM TEMPERATURES

1i_4085053443 _::_'5] 25.50_,30 3/131'-2-_T"_
03 - 9 04 25._ 05 14/1

_li .05 |2|614 I_

N84085055459_25.642/891.t .'_2_1_r_-02 [-2";.T_
l? 25.8 19 3.67 7_0_t24 21 -2317 24 1.96

25 25.726 4110 T *05 3 3.23 32 1.32
N6408_ 2'._3 [_

33 25*8 1*�T 4/ 24151,5_ I_"1.3o_48.02
.64o853.l_i_ 25. __ [-2-;-ff¢_

49112/_ 1*9_ 2.09l_5 .11156 _'.oOG
592/6? _64649199
145 13,1_148 ' 11 1137

N040850_5547 .?3 3.27 3/13 2.17
03-18. ,_'05_4

094.05 I1 *051216/_3 /35 t622.4N640850556031.70 3.272/972.15

_F"2K'_'] 19 3.6020 _/524 1.91
26 4131 27 *0 3 3. 32 1.31

0556191.69 3.2";' 31132.16 343.oo35 
4| 5/52 42 312t 43 _.30 47 * 5 48 *02N64085055635 I.?0 3*27 31022.15

49 -II1_ 501.0851_055 *11503.00
59 3100 63 461064 1012

143 140 154127 148 11[_!_

X6408505565L 1.7125.352/89_ 3tl3 2o12
03 -20.00425.105 1518023.3_

094.05 II .001216191321351822. .3

NS4085055?OT I.?125.352189_I3#__2.[4
17 !5.?1T_20 3/_4 21 -2213124 1.941

25 25.6 28 4/3IL_J_3I 3.24.._2_L._

NS4085055?23 1.71 2_.352/9J ]3*2(;131132.14

33 28.8 34 3.01_40 4/8141_

41 5/T6 42 3112 4T 1.2 OI
N84089055739 I* 5 2189 3/13 2.13

49 -lOP/ 50 1.0 54 2. .II 58 2.89

593/006345/? 641013
143 139 155 127 145 It 1/36

053755 l.?J 25.2121923.263_'_2.15
0425?0 105 i6/|]08 3,56

11 .03 2 ?14 3 2135 16 2 *..08,0.81,_ 3.26_2.,3
1725.7 83.651203/24121 "21t7824 ]*]Ii5

25 25.8 6 4/38 27 .03 31 3.23 32 1.32

U,llol_, _;,2;;_ .25_ 2.11
_431:2984S ,0[

1.71 25.28 2/91 3.22 2.14_'os::d_l 54,.115,_._-_62.,,
6345/8_?,_54_'; _ ,13,

R640850551159 hTO 25.24 2/85 3.27 2/9T 2.13

03 -20._ 0518/8 083.3509 4*05 12 17/7 132/51 1022.4
_q64085055915 [.TO 25.21 279] 3.26 3/35 2.12

17 25.7 t95.6420 312421 -21/024 1.9T
25 25.8 28 4/55 27 =02 31 3.2332 1.32

Iq64085055931 hT' 25.24 21913*283/352.12

33 25.8342.98351.98404/73
41810942314343 1.29 471.24

N84085055947 l.?125.2121923.28_32.12

49 -9/28501.045, 1.95542.,055 .11563.00

59 4/ 3 83 451_; $4 017

]_4_]14o 155112o 1148 t 11 ll/.t6

FIGURE 4-8.--Example of five blocks of class II data.

number was noted. After the magnetic tape

for the pass in question had been received ,
at GSFC, the data were processed in the
Class III data format. This print-out per-

mitted detailed examination of all spacecraft

performance items.

EXPERIMENT SCHEDULING

In order to make the most effective use

of the entire Relay system, which includes

the complex of participating stations as well

as the satellite, it was necessary to schedule
the communications experiments with some

care. These experiments are the basic pur-

pose of the entire project, and had to be
carefully planned to make maximum use of
the limited time available for wideband

transponder operation. This planning, which
had to take into account several factors

simultaneously, was carried out at the oper-
ations control center in coordination with

the participating stations.

Experiment schedules were initially
planned over a one-month period. It was

found useful early in the program to assign
operational days during each week to desig-

nated stations, with the days assigned ar-
bitrarily. Examination of orbital data would

then indicate which passes on each day were
usable for the station designated for that
day. A one-month schedule was developed in

this way and transmitted to the participating
stations. This initial schedule was refined

in the light of then current conditions to pro-
vide a daily operations plan for each day.

This plan, which was sent by teletype to all
stations, governed all operations with the
satellite.

The selection of one or more orbit passes

for wideband operations with the station

designated for the day in question was ac-

complished in the following manner. First the
orbital data for the given station (MUSTAP

program) was examined to determine the
useful period of visibility for that station.

This period then had to be further con-
strained to the time of mutual visibility of

the satellite by both the participating station
and one of the two GSFC test stations. One

of these stations had to be able to receive

and process telemetry data and to transmit
commands to the satellite during wideband

operations, and a short period was required
before and after wideband transponder op-

eration for the acquisition of telemetry data

by the test station.
Once the period of useful visibility had

been established, it was necessary to deter-

mine whether the spacecraft look angles for

the station (or station pairs) scheduled to
use the satellite were suitable for wideband

communications; as Figure 4-9 indicates,

the spacecraft antenna gain falls off sharply

at large angles from the perpendicular. It
is apparent that angles near 0 or 180 degrees
would be extremely unfavorable, and in prac-
tice it has been found best to restrict the

look angle for a participating station to the
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FIGURE 4-9.--Spacecraft transmitter and receiver

antenna gain vs. look angle.

range between 65 and 140 degrees. A few
experiments were scheduled to measure re-

sults over a greater range of look angles,
but it was found that no useful results were

obtained for look angles greater than 160
degrees.

The next consideration was that of the

slant range of the spacecraft from the given
station. It was necessary to determine that

the slant range combined with the look angle
did not result in a link having power levels
below the performance margin of the station
or stations scheduled to participate. On the
basis of these considerations it was desirable

to select passes with minimum range for
stations such as Rio or Fucino which had
30-foot diameter antennas.

Once the link parameters had been consid-
ered, it was necessary to determine whether

the electrical power available in the space-
craft would support wideband transponder

operation for the period planned. This in-
formation was derived from a continuous

evaluation of the spacecraft electrical power
system, based on the complete history of its
performance maintained at the operations
center. The factors of most importance are
the condition of the batteries, the output of
the solar array, and the prevailing eclipse
conditions: The wideband transponder was

never operated while the spacecraft was in
eclipse, since such operation would have
placed an excessive drain on the batteries.

For the same reason, no extended trans-
ponder operation was scheduled immediately
prior to the beginning of an eclipse; the bat-
teries would not have been recharged from
the heavy transponder load, and the normal
housekeeping loads would have depleted them
still further, entailing a risk of anomalous
command states associated with low battery
voltages.

On the basis of these considerations, the

duration of the planned operation was de-
termined and specific on/off times were es-
tablished for the telemetry encoder and the
wideband transponder. Commands were also
scheduled, where appropriate, to switch the

transponder from wideband to narrowband
operation or the reverse.

Another factor which had to be taken

into account in planning operations was the
antenna elevatibn angle for the participat-
ing stations. Those stations having Ax-E1
mounts for the antenna could not track the

satellite through zenith, and allowance had
to be made for this constraint. It was also

necessary to check the azimuth profile for
the station concerned to determine that no

ground hazard was created or that no ob-
structions (such as hills, mountains, or struc-
tures) existed at the planned azimuths and
elevations. Ordinarily communications ex-

periments were not scheduled for antenna
elevations below 5 degrees. For some special

tracking tests, the transponder was turned on
below the horizon of the designated station
so that the tracking beacon could be ac-
quired at extremely low elevation angles.
Where there were no obstructions, the larger

:
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stations could perform wideband experiments
at elevations as low as 3 degrees.

The specific experiment to be performed
on each operational pass was normally in-
dicated in the daily operations plan issued

by the operations center. The experiment
was selected primarily on the basis of the
recommendation of the station scheduled to

operate with the satellite, although if the
station had expressed no preference the op-
erations center could have selected the ex-

periment itself. In general, it was desired to

cover as completely as possible the entire
experimental program given in the Commu-
nication Experiment Plan, with as many of
the stations as possible. The operations center
maintained complete records of all experi-
ments performed, and was able on the basis
of these records to recommend desirable ex-

periments to the various stations.
The selection of experiments was carried

out in close coordination with the partici-
pating stations. Each station supplied the
operations center with its desired priorities
for experiments, and the results of earlier
experiments were known to the center so
that it was aware of those areas requiring
additional data. The experiments listed in
the Experiment Plan were not all of equal
importance, and some required much more
frequent repetition than others. A weighting
factor was applied in planning experiments

to assure that the entire program was prop-
erly balanced.

Experiment scheduling also had to reflect,
in some cases, the link requirements for the
experiment planned. Some experiments re-
quire a high-quality link with favorable look
angles and very short ranges, while others
could be performed over the entire spectrum
of ranges and look angles.

In addition to the wideband communica-

tion experiments, the operations center was
also required to schedule the operation of the
radiation experiment carried on the satellite.
The radiation experiment did not constitute

a heavy electrical load, and was operated
for several hours at a time. Additional flex-

ibility was afforded by the fact that the

STADAN stations could receive and record

radiation experiment data; their participa-
tion was scheduled through the STADAN
net controller of GSFC. In general, they
could take radiation data from the Relay
satellite whenever the radiation experiment
and telemetry encoder were on and when
they were not required to acquire higher-
priority data from another satellite.

The final result of the scheduling opera-
tion was, as indicated previously, a Daily
Operations Plan which was generated at the
Operations Center and transmitted by tele-
type to all participants. Figure 4-10 is a
reproduction of a typical daily plan. It lists
the orbit revolutions during which opera-
tions are to be performed, lists the commands
to be sent to the spacecraft together with
the time for each command, indicates the
times when ground station equipment is to
be turned on, and lists the experiments to
be performed with their beginning and end
times. The Daily Operations Plan does not
list radiation experiment operations unless
the experiment is to be turned on or off by
command from one of the two GSFC test

stations, but those passes scheduled for te-
lemetry or horizon scanner data only are
listed.

The Daily Operations Plan was transmit-
ted to the participating stations at least
24 hours in advance of the period covered

by the plan. This permitted the ground and
test stations to make appropriate prepara-
tions for turning on equipment, taking telem-

etry, or sending commands on the schedule
indicated. In general, no operations other
than those specifically shown in the plan
were performed. It was possible, however,
for the operations center to modify the
planned operation at any time ; changes were
made by notifying the appropriate test sta-
tion via the full-period telephone circuits
maintained with both stations. At no time

during the operation were commands trans-
mitted to the satellite without specific ac-
knowledgement from the control center.

In the case of public demonstrations with

the Relay satellite, the scheduling procedure
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BT

DAILY OPERATIONS PLAN 5110/64 RELAY lB

REV 814

SO_op_Vy_%eadtng _ left off to Just
illustrate text of a typical Daily Operations Plan.

Day covered by plan (5-month of May, 10-tenth day,

64-1964); time interval of the plan is 0000 - 2400
1115 CONCON-REPDRT READINESS _ (hours and minutes) of this day, all times are G_Pr.

1125 COMCON-COHHAND ENCODER ON'TAKE CLASS II DATA- _ evolu loII_N _fltt_._KMA_ _M_ON_W O_r "'_ "R t n (pass) in orblt starting from injection.

............................. _ REV OOO starts at orbit injection and ends at the

REV 815 _ first ascending node (orbit and equatorial plane
_nu _n_ _r_T or_Tu_c _ intersections) REV 001 starts at the first ae-

1402 _,,_,,, _ ..... -_ ...... _ .... "

]412 CO_ON-CON_L_ND ENCODER ON-TAKE CI_SS II DATA _cending node and ends at the second ascending node.

1415 CO_ON-.OMRAND_ TV ON/P_NE OFF Passes used to take Class II data only to examine

14i7 00_ON-COMMAND TRANSPONDER NO. 2 ON .... condltlonof spacecraft.
1419 COlCBOD-TURN ON 1725 _C XHTR

1420 CONBOD-REPORT PRESENCE OF 4 KNC BEACON

1420-1442 COH_OD-COND[_CY Ti.(E FOLLOWI__-EXPEAIH]_NT_
1420-1450 1_1 CONTINUOUS RANDOH NOISE

14_0-1442 155 PERIODIC NOISE - VIDEO

1442 CONCON-COM_ND TP_NSPONDER OFF --

1442 COHBOD-REPORT LOSS OF _EACON

1442_ 1_ COF_OD-TURN OFF 17_5 HC XRTR

1447 CONCON-CON_ND ENCDDER OFF

REV 81_ .....

1642 COMMOJ, CO_ND, COHIBA-REPORT READINESS

1_52 CO_MOJ-COM_ND ENCODER ON-TA_E CLASS II DATA

1_57 COI_I_J-COPIRAND TRANSPONDER IqO. 2 ON
[_ _'_'_ND-TURN ON [725 HC XNTR

1700 CO,AND, CONIBA-REPORT PRESENCE OF 4 }C_C DEACO_

1700-1712 CONAND. CONIBA-CONDUCT THE FOLLOWING EXPERIMENTS
1700-1706 151 LINE TIME NON-LINF_RITY (WITH 1 Me SUPERIMPOSED)_

1706-1712 I_3 SYNCH_NIZED NON-LINEARITY

1712 COHNOJ-COHNAND TRANSF_ONDER OFF

1712 COMAND, COMIBA-REPORT LOSS OF BEACON

1712=1S COHAND-TURN OFF 1725 M,C xICrR

1717 CO_OJ-CON_ND ENCODER OFF ---

REV 817

2045 CORCON-REI_ORT READINESS

20_5 COHCON-CORHAND ENCODER ON'TA_E CLASS II DATA

2058 COMCON-COHHAND RADIATION EXPERINENT ON

2100 CDNCON-STOP TAKINS CLASS II DATA-CONTINUE TAKING CLASS I

AND Ill DATA

REV 818

_42 CO_OJ-REPORT READINESS

2352 CO_NOJ-TA_E CLASS II DATA

2355 CORMOJ-COMRAND RADIATION EXPERIMENT OFF

2357 CONROJ-CORMAND ENCODER OFF

BT

Stations listed are those that axe scheduled to

participate In communication experiments.

Experiments to be conducted during the pass at

the times indicated. Please note that experiment

designations are those as listed in the GSFC
RELAy Communication Experiment Plan. RI-O521A

revised I December 1963.

Orbit passes that are used for acquiring radiation

experiment data only. COMCON commands on telem-

etry system and radiation experiment subsystem.

COMCON commands radiation experiment and telem-

etry off at the end of a complete orbit. NOTE:
Instructions to Minitrack Stations to acquire

radiation experiment data are issued by the Net

Controller and will not be includsd in the RELAY

Daily Operations Plan.

FIGURE 4-10.--Typical daily operations plan.

_ k _ ..

was somewhat different from that described

for technical tests. The specific pass was
selected in the same way, and the details of
the operation were given in the Daily Opera-
tions Plan as for other operations. The chief

difference was in the schedu!!ng of the spe-
cific time for the demonstration.

A station outside of the United States

wishing to perform a public demonstration
made the request directly to the operations

center. If the station had already been
scheduled to operate on the pass requested,
no special coordination of the time was re-
quired. If other operations were p]anned for
the pass requested, it was necessary to coor-
dinate the request with the participating

stations. In either case, the agency request-
ing the demonstration arranged for the ma-

terial content and for routing of the received
transmission.

Requests for _emonstrations originating
in the United States were directed to the
Program Developing-0ffice of NASA Head-

quarters. Approved requests were forwarded
to the Relay Project Coordinator at GSFC,
who determined compatibility of the request
with scheduled operations. In general, re-
quests for public demonstrations were made
several days in advance of the desired date
in order to permit adequate coordination,

but such advance notice was not always pos-
sible.
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COMMUNICATION EXPERIMENT DATA

The primary object of Relay was to gather
communication experiment data in addition
to the radiation experiment data. The com-

munication experiments comprised all tests
performed by the Relay participating ground
and test stations in conjunction with the
spacecraft wideband system. These tests
were performed either in a wideband or nar-

rowband mode. Most of the experiments
were performed in loop configuration; that
is, one station transmitting and receiving its
own signals. However, all tests could be per-
formed either in a loop or straightaway con-
figuration. Straightaway means that one

station transmits wideband signals and a
second station receives them. Most nar-

rowband experiments were conducted in a
two-way configuration with both stations

transmitting and receiving simultaneously.
Communications exoeriments are detailed

in GSFC Document R1-0521A entitled Relay
Wideband Communication Experiment Plan,
revised December 1, 1963.

The communication experiments are
broadly categorized as performance tests and
system demonstration tests. The perform-
ance experiments are objective tests used
to obtain auantitative and statistical data

on the electrical parameters of the system.
The performance data are primarily intended
to confirm a system capability for quality
monochrome television and frequency divi-
sion multiplex (FDM) telephony. Data were

gathered on the gain stability phase charac-
teristics, distortion, intermodulation, inter-
ference and noise of the complete communi-
cation link including ground station, baseband
equipment and satellite.

The System demonstration experiments
were designed to emphasize quality wideband
television or telephony, some of which were
used for public consumption. These experi-
ments also include high bit rate digita] data
transmission, telephoto and facsimile data
and multiple channel teleprinter transmis-
sion.

Each participating station was responsible
for the acquisition of experiment data for

the satellite operations in which it partici-
pated. These data were used in the evalua-

tion of each station by its responsible agency.
Most data is in the nature of ground station
received and transmitted characteristics.
Those items of information concerning the

performance of the satellite wideband sys-
tem, such as received signal strength and
transmitted power, were transmitted to each
participating station by the operations cen-
ter in the form of an operational summary
for each scheduled pass.

Each station also sent a quick-look report
to the operations center soon after each pass
in which it participated. These operations
reports listed all significant events with their
times of occurrence. Times of wideband sig-
nal acquisition, end of communication ex-
periment, and change of tracking mode were
typical items given in the operations report.
The test stations likewise submitted an oper-
ations report approximately one hour after
each scheduled pass, listing all commands
transmitted to the spacecraft along with
other pertinent data. The experiments per-

formed by each station for that particular
pass were also listed and a qualitative &ssess-
ment of the results given. These indicated
the degree of success of the experiment and

noted any malfunction, out-of-tolerance per-
formance, or loss of signal. Any interference
noted during the tests was usually also listed.

Figure 4-11 illustrates a typical station oper-
ations report. These quick-look reports were
used at the operations center to determine
the success of the scheduled operations as

applied to the scheduling of future experi-
ments. A complete history of all experiments
performed by each station was maintained
and updated from the operations report as
a guide in recommending additional experi-

ments by some stations.
Each participating station performed a

detailed analysis of its own communications

experiments. Copies of these were supplied
to GSFC either individually or in complete
documentation form. This data was then

used to perform an overall system evaluation
of Relay.
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JTLO¢_2A
RR aROC JSTL 2HGA
DE GNv'r OOl
30/1_4Z
INFO Js"rL GMSA

OPG REPORT REV 406 RELAY II NARCN 27, 19_4
1337 CO_FrlUT TURNED ON 1.7 X_C X_ITR I0 K¥
1340 4 ENC BEACON ACGUIRED

BEACON LEVEL -112 DBR AVG
RONITOR L_ -103.5 DSN AVG
CON LEVFL -105.9 9BN AVG
COGRU_ICATION_ CHANNEL NOISE TENPERATUR_ 399 D_EGR[£9
RONITOR C_NTIEL NOISE TENPENATURE 399 DEGREES K

CO_¢trr AND CONGOJ PERFORNED TEE FOLLO¥1_ EXPERINENTS=
1540-1342 CHANNEL 5 CONTINt_)US RAHDOR NOISlE. COMHOJ TRANSNITTED

A I EC TONE IN C_NNEL 5. CO_IUT NEAGtlff[D T_
RECEIVED G_NAL LEVEL AND T_E NOISE LEVEL.
SIGNAL LEVEL 0.8T V
NOISq[ LEVEL ° 7.2 RV
CONNUT TRANSNITTED A 1 KC TONE AT -14 DGR IF
CHANNEL 5 AND CONROJ _AGtfl_ED RECEI_D SIGNAL AN])
NOIGE. THE ])EVIATIOH WAS 29._ He RNS PER CHANNEL.

1342-1345 CHANNEL 5 FHEGLP'=HCY _SPON_.
COff_fDJ VARIED THE INPUT SIGNAL FREOUENCY FROM _00 CPS
TO 3000 CPS AND COHNb_'E _ASURED THE RECEIVED SIGNAL

LE_L.
YREOUEWCY SIGNAL LEVEL

(CPSI (CPG)
.....................

500 .g8
I OOO .87

1500 .SS
2000 .82
2500 o87
3OOO .81
CO_NLrT VARIED TPrE INpIj'T SIGNAL FREQb'ENCY FROM _ ORS

TO 3000 OPS AND CORt_J EASI/NED T_ RECEIVED SIGNAL
LEVI3.. TNE INPUT SIGNAL LEI/EL AT OORNOT WAG -14 DRN
AND TR£ DEVIATION WAg 29.6 KC RHS FEN CY_NNEL.

1345°1403 TWO NAY TEI.EP_NY 9ETyE1EN MR* Y_O AT CON_J AND
RR, SUNOENLI_ AT CONROC.

1403 4 XNC BEACON TOKS"IE]) OFF
BEACON LE_L -107 DBN A_

[_'ONITOS L£'_r£L -IOO.P DBM A_
CON L_V_L -100.3 DgM AV(]
COMMUNICATIONS CHANNEL NOIGE TEHPERATURE 5_4 D_l_[G g

RONITOR ONANNEL NOI_E TEffFERATUR_ 382 DI"_I_£S K
1405_15 1.7 RRC XKTR OFF

¥EATNERI TENPERATURE 3_ DEGREES F
HUMIDITY 52 PER C_NT
BARONETER 29.97 IN RISI_]_

VIN]) 1o-_ RPH
PRECIPITATION O

COH_H'TS_ A DELAY OF APPROXIMATELY 3 HINffrEs IN _NI_..ETI_ T_
TE'LEPHOI_ CALL VAN DUE TO A BAD PATCH COAF_. AFTER

THIS CORD WAS LOCATED AN]) _PLAOE]) THE CALL WAS
S_CESSFUI.LY CONPLETED.

30/1456Z MAR GNUT

FIGURE4-11.--Typical station operations report.

ORBITAL DATA

Precise orbital data is essential to the op-
eration of a communication satellite system.

The provisions made by GSFC to supply
participants with accurate antenna pointing
data have been a major element in the smooth

operation of the system.
The origin of all orbital data used in con-

nection with Project Relay is the tracking
data supplied by the STADAN (formerly
Minitrack) network. This worldwide com-

plex of tracking stations operated by NASA
makes use of interferometric techniques to
track satellites. In the case of the Relay

satellite, the stations track the unmodulated
136-Mc carrier from one of the two telem-

etry transmitters. One transmitter is left
on continuously for tracking puposes.

The tracking data acquired by the

STADAN network is transmitted to the

GSFC Data Systems Division by teletype in
the form of direction cosines. The Data Sys-
tems Division has available a number of

computer routines which can generate from
this tracking data a variety of outputs to
meet the needs of Project Relay. These out-

puts are as follows:
1. Orbital Elements--Figure 4-12 is an

example of the computer output giving the
elements of the Relay orbit. This informa-
tion was updated at weekly intervals and
transmitted to all participating stations.

THE FOLLOMING ARE THE O_BTTAL [L£NE_ FOR SATELLITE 19_2 R-UPGILO_
O_E RELAY CONPUTED FRN NINITRAC_ O_GERVATION_ AT THE NASA COMPUTING

CENTER AND ISSUED O_ 05 APR 19_4 BY THE GODDARD SPACE FLIGHT C_NTER
EPOCH _4 Y 05 N 27 O AT 25 HOURS 50.00 NIN. UT
5£NI-NAJOR AXIS 010758.64 KILOMETERS

ECCENTRICITY 0.28505
INCLINATION 047,522 DEGREES

_AN ANOMALY 015.102 DEGREES
ARGUMENT OF PERIGEE 027.421 DEGREES

NOTION PLUS 01.2124 DEG. PER DAY

R.A. OF ASCEND.NODE 337.3_9 DEGREES
MOTION MINUS 01.2791 OEG, PER DAY

ANONALISTIC PERIOD 0185._2928 2_NUTES
NOTIO_ PLUS O.O0000 NIN, PEN DAY

HEIGHT OF PERIGEE 001315.55 KILOMETERS
HEIGHT OF APOGEE 00744_.95 _ILONETERS
VELOCITY AT PERIG_'£ 029_T8 KN. PER HR
VELOCITY AT APOGEE 016345 KM. PER RR
G£OC.LAT.OF PERIGEE t9.856 DEGREE5

FmtrRE4-12.--Orbital elements.

2. MUSTAP World Map Printout--One

computer routine provides a printout of Mu-
tual Station Predictions (MUSTAP) as illus-

trated in Figure 4-13. In addition to the

range, azimuth, elevation, and antenna look
angle data for all stations to which the
satellite is visible at a given time, it gives
the location of the sub-satellite point in

longitude and latitude and the height of the
satellite above the sub-satellite point. All

data is given at two-minute intervals. The
"S" printed at the end of each line indicates
that the satellite is in sunlight at that time,

and the percentage of sunlight for the' entire
orbit revolution is printed out at the end of
the data list for the period. This printout
was supplied only to the operations center
and to the Project Office for planning pur-

poses.
3. MUSTAP Mutual Visibility Printout--

Another routine for the MUSTAP program

generates an output to indicate which sta-
tions are able to see the satellite at a given

time. A sample page of this document is
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RANGE AZI. ELEV. 5/C LOOK tAT. LONG. HEIGHT
YYMNDO HHMM $TAT. IKN) ........... OEG_EE$ ................. [KN)
64 123 1843 CONNUT 4102.9 90.4 39.4 174.2 37.9 -49.2 3147.7 $

CUHAND 3934.5 105.1 43.6 173.7
COHBOO 5582.2 26q. I 15.4 129.6
COMH1L 5473.0 265.9 16.8 12B.9
CCNTEL 6999.4 287.1 0.7 131.4
CCMGEB 6651.8 280.2 4.0 178.3

64 123 IB45 COHNUT 4385.2 93.4 29.9 114.2 35.4 -44.4 2990°5 $
CO,AND 4206.4 IC5o6 33.2 113.5
COMBOD 5277.9 261.3 16.6 125.5

CONHIL 518g.5 257.8 _7,7 1_4.6
C_MTEL 661g.3 281.6 2.3 128.8
EC_GEB 6334.8 273.g 5.0 125.0

64 123 1847 COMNUT 4740,7 95.7 21.2 105.2 32.5 -39.7 2841.1 $
COHANO 4557.3 106.0 23.9 104.2
CE_500 503B,5 252°5 17.1 120.0
COMHIL 4974.8 248.7 18.0 118.8
COMTEL 6275.6 275.3 3.6 125.0
CCNGEB 6064.9 267.0 5.6 120.6

64 123 184_ EONNUT 5156.0 97.4 13,3 c7.0 29.4 -35.2 2701.1 $
COMAND _972.6 106.4 15.6 r5.9

COPBOD 4878.4 242.9 16.8 113.2
CO_HIL 4842.8 239.0 17.2 111.8
COHTE_ 5;7_,1 268.4 4.5 120.2
CO_GEB 5852.7 259.5 5.8 115.2

64 123 _51 CO_NU T 561_.4 g8.9 6.3 89.6
COHANO 5438.3 106.8 8,2 B8.4
CCMBOO 4810.0 233.0 15.4 105.4

COMHIL 48_4.5 229.0 15.5 103.?
CCNTEL 5741.7 260.7 5.1 114.3
COHGE8 5708.7 251.5 5.4 108.9

25.9 -30.9 2571.9 $

64 123 IB53 CONANO 5942.5 107.t 1.5 81.7

CONBOD 4860.6 223.1 13.0 96.9
CONHIL 4865.6 219.3 |2.7 95.4
CONTEL 5574.8 252.4 5.1 107.4
CONGEB 5641.2 243.1 4.4 101.8

2Z.2 -26.7 2455.2 S

FIGURE 4-13.--Sample printout.

shown in Figure 4-14. This document is of

great value in planning operations, since it

indicates not only those stations to which
the satellite is visible at each two-minute

interval of time, but also look angle for each
station (the figures printed under the head-

ings for the various stations), antenna ele-

vation (the code following the look angle
indicates whether the antenna elevation is

below 5 degrees, between 5 and 9 degrees,

or above 10 degrees), and range (a "T" is

printed with the antenna elevation code if

the range is greater than 5000 nautical

miles). This single printout thus provides
all the information necessary to determine

whether a satisfactory link can be estab-

lished between any given pair of stations.

It was provided to all stations on a monthly

basis, with each document containing the
data for one calendar month.

4. Equator Crossings--Each numbered

orbit revolution begins as the subsatellite

point crosses the equator in a northbound

direction. The numbering of revolutions and

the time interval covered by each revolution

are thus defined by these equator crossings.

A separate printout, supplied to all stations,

indicates the times of all northbound equator
crossings.

5. Antenna Pointing Data--The basic in-

formation required by all stations is the data

required to point their antennas correctly

in order to acquire and track the satellite.

These data are supplied in two forms, de-

pending on the tracking method used by the

given station. Those stations not having

programmed tracking capability were pro-
vided with azimuth and elevation coordi-

nates, together with range data, for each

one-minute interval of the period during
which the satellite is visible to the station.

These data were sent by teletype over the

Support Communications Network well in

advance of the pass to which the data ap-
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ORBIT NUROE8 3029

MUIUAL VISI1BILIIY UF 62681 FOR FOLL_WING ST&TIONS

YYHMOO HHHM S/C NUT 5/C NOJ S/C AND S/C B00 $/C HIt S/C TEL S/C RIO SIC GEB $/C IBA 5/C SCA 51C KA5 $/C AIN

64 5 I 161B 0¢227
64 5 1 1620 0981 9 - --

64 5 ! 1622 1059

64 5 I 16Z4 1170 A -- - "

64 5 1 1626 1343 a

64 5 1 ,1628 160_ A
64 5 t 1630 IZZS_- 1_6

64 5 1 1632 1315 a 1_69 Jl 1_64

64 5 1 1634 1434 A 1215 _ 1333 A

64 5 1 1638 157¢ a 1041 5 1470 A

1295 4

1o99 a H]_ _ 1041

0964 h 1009 q 0997 9 1109 5
0874 A 0955 A 0940 A 0956 5 0866 5 1063 a

0_0890--Y 087_ 6 0960 5 0902"5 0814 5 1004 A

0759 A 0822 6 0005 A 0906 q 0846 9 0762 5 0933 A

0718 9 0754 A 0738 A 0849 9 0788 9 0711 5 0856 A

0654 5 0634 A 0622 A 0732 A 0677 I 0619 5 0709 A
0584 A 0574 A 067_ _--12_4 -_ D626 J 0578 5 0645 A
0_1 A 0533 X_ IIlIB_5 _ -- _54I 5 -_8589_
0503 A 0496 a 0577 A 1133 9 0538 A 0507 5 0541 •

_469 A 0466 A 0534 A 10_2 9 0500 9 0476 5 0];99 A

04_0 A O_J_ 9 O4_-_ A 1033 9 0666 _ 0463 A

0413 9 C_ll 9 O_ -6--09_87 -9 0_35 9 0431 i
0390 9 0389 9 o_'_=_'X_-b_4 a 0407 9 0404 •

= 0369 5 _36_ 039_9--UgU_ 4--_ 0]_9 A

0350 5 0350 5 0369 _ 0867 A 0358 5 0358

0333 75 0345 -9 0833 A 0336 T5 0339 9

0323 T5 OSO2 A 03ZZ

0302 ¥5 0773 a 0307 T9

02867_--0747 J 0296 75

Uz_8 15 OIZ_-_FA _ ....

0701TA

0681 T9

Ubb_ 19

0647 T9
0633 T9

0610 T9

0601 75

. 0587 T5
0582 T5

FIGURE 4-14. Mutual visibility printout.

ti?n, whie h interpolated between the given
data_., points to generate intermediate points

-g_w_g a_b_est-'_t curve throug h the points pro-
vid-e_2 In-_terpolation of about the sixth order
is usually sufficient to. maintain the_ accuracy

of the original points:. Th e computer then
generated a punched tape carrying the
smoothed data, and this tape was fed to the

anten_na programmer to steer the antenna.
The orbital data operation for project

Relay was excellent from the beginning of

64 5 1 1640

64 5 I 1642

64 5 I 1644

64 5 1 1646

6_ b I 1648
64 5 1 1650

64 5 1 1652

04 5 11654

64 5 1 1656
64 5 1 1658

64 5 FTF_

64 5 1 17 2

64 5 ] 17 4

6_ 5 1 17

64 5 1 17 8

64 5 t 1710

66 5 I 1t12

64 5 1 1714

64 5 I 1716

64 5 I 1718

64 5 ] 1720
64 5 1 1722

64 5 1 1726

64 5 ] 1T28

_6 5 1 It3(]
64 5 1 1732

64 5 I 1734

_664; 1 1.61738

64 5 I 1740

_6 b I 1142

64 5 1 1764
66 5 I 1746

• _ > I l/6Y

134G A

1140 A

1006 A

0914 A

0846 A

0794

0751 9

0714 _-

plies. A sample of this type of data is shown
in Figure 4-15.

For those stations having a capability for

programmed tracking, the po!nt!ng data was
supplied in the form of topocentric XYZ

coord=inates as shown in Figure 4-16. These
data were teletyped to the station for one-

minute intervals over the period of visibility
of the satellite to the station. The punched

tape was then fed to a comp uter at the sta-
-H__

Y M D H M S R KM AZ EL

6_ 03 24 13 52 40 012232 30699 0002
64 03 24 13 55 40 012120 30668 0097
64 03 24 13 54 40 012007 50635 0192

_ 05 24 13 55 40 0118_2 30600 0288
64 05 24 15 5_ 40 011776 50564 0584
64 032415 57 40 011659 50527 0480
64 05 24 15 58 40 011540 504_7 0575
64 03 24 1-3- 59 40 011421 30446 0673

64 03 24 14 O0 40 011299 30405 0770
64 05 24 14 01 40 011177 50559 0867

" FmURE 4-15. Example of AZ-EL orbital prediction

printout.

operations. The pointing data supplied to
the stations was extremely accurate and has

Y M D H M 8 E. .OI_M _. .OIW_ V. .OIKM

64 03 24 [5 52 O0 -00980145 00743948 -00013047

64 03 24 [5 55 O0 -00975513 00732039 00007217

64 05 24 15 54 O0 -00970162 00719585 000271_
64 03 24 13 55 O0 -00964705 007069_0 00046805

64 05 24 I3 56 00 -00958954 00693720 00066105

64 03 24 13 57 O0 -00952962 00680118 00085059
_4 O_ 24-'13-_-00 -O0_ 00646484 .... _0103_2

64 03 24 13 59 O0 *00959798 00651667 00121850

64 03 24 I4 O0 O0 -00932815 00636841 00159692

64 05 24 14 Ol O0 -00925528 00621609 00157159

FIGURE 4-16. Example of XYZ topocentric
coordinate printout.
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resulted in completely satisfactory tracking
of the satellite.

EFFECTOF ORBITAL MOTION
ON OPERATIONS

Table 4-4 lists the initial characteristics

of the Relay I orbit as compared with the
prelaunch nominal values. Figure 4-17 is

TABLE 4-4.--Relay I Orbit Characteristics

Item Nominal Actual

Height of apogee, nm .................

Height of perigee, nm .................

Period, rain ...........................

Eccentricity ..........................

Inclination, deg .......................

Right ascension of ascending node,

(injection), deg ......................

Argument of perigee, (injection), deg .....

Nodal rate, deg/day ...................

Perigee rate, deg/day ..................

3999.48

699.92

184.36

0.28475

47.766

217.22

176.426

-- 1.2845

1.2030

4020.70

712.13

185.09

0.28462

47.496

218.74

177.5
-- 1.2779

1.2123

provided to give indication of the relation-
ships of the orbit, the earth, and the sun.
There are two types of orbital motion which
have a direct effect on operations.

The first of these is the rotation of the line

of apsides (the line joining the apogee and
the perigee) in the orbit plane. This motion,
Which is sllghtly greater than one degree
per day, causes the apogee (and thus of
course the perigee) to describe a complete
circle in the orbit plane in approximately
one year. As can be seen from the figure,
the most favorable position of the apogee
for operations with the present Relay net-
work occurs when the subsatellite point at
apogee is at the most northerly latitude.
The extreme limits of thls latitude, both
north and south, are equal to the orbital in-
clination of 47 degrees. Between these lim-
its the latitude of the apogee subsatellite
point varies in a nearly sinusoidal fashion
in the course of its approximately one-year

cycle, as shown in Figure 4-.-18, as the line
of apsides rotates through a complete revo-
lution.

When the apogee is in the southern hemi-

sphere the maximum mutual (Europe-US)

visibility on any single pass, also plotted in
Figure 4-18, decreases sharply and, in fact,
vanishes entirely for a short period at maxi-
mum southern latitude of apogee. The posi-
tion of the line of apsides in its cycle is thus
of considerable importance in the planning
of operations, since it determines the maxi-
mum period of mutual visibility during any
one pass of a given day. The relationship
of the period of the satellite and the rotation
of the earth is such that normally four or

five successive passes out of the approxi-
mately eight per day have comparable mu-
tual visibility characteristics. When the
single-pass mutual visibility is at its highest
(68 minutes), the total mutual visibility time
for that day may reach 140 minutes.

The second type of orbital motion which
directly affects operations is the orientation
of the orbit plane with respect to the line
joining the earth and the sun. Since the sat-

ellite derives its electrical power from sun-
light, the amount of time it is in sunlight
strongly affects the length of time the wide-
band transponder can be operated. The
transponder draws considerably more cur-
rent than the solar array provides, so that its
operation time is determined to a large ex-
tent by the state of charge of the batteries.
The batteries in turn are charged only when

the satellite is in sunlight.
It is clear that when the plane of the orbit

is facing the sun, the satellite will remain
in sunlight at all times. This full sunlight
condition is the most advantageous for op-
ations, since it provides maximum time for
battery charging. The orbit plane, how-
ever, rotates in inertial space. Therefore, as
the earth moves about the sun the orbit

plane enters the earth's shadow similar to
that shown in Figure 4-19, reducing the
amount of time in sunlight and consequently

the charging time for the batteries. These
eclipse seasons have a second effect on the
spacecraft power system in that the satellite
temperature is lower, reducing the output
of the solar array and the capacity of the
batteries.

The actual pattern of eclipses is not as
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FIaURE 4-17. Relation of Earth, apsidal rotation, and Sun.

simple as is indicated in Figure 4-19, but
is quite irregular because of rotation of the

line of apsides and other factors including

a rotation of the Relay plane greater than

360 ° per year. Figure 4-20 shows the eclipse

pattern in terms of percentage of time the

satellite is in sunlight, together with the ac-

cumulated operat!ng time of the wideband

transponder. It can readily be seen that
operating time accumulates at a much more

rapid rate during the periods of 100 percent
sunlight, when there is adequate electrical

-- L

= =



Ļ " _'7_

380 RELAY I--PART II

\

..... I1/ \ I

_ i ; '

o \ __ /

i i -,%%;,.
#

............... • L ........
6°O S00 ioea 1500 2_ 25ee 3OOO 35ce

RELAYi - ORBITRL_/OtUTIONS

OAff

FIGURE 4-18.--Geocentric latitude of Apogee and
Europe-US mutual visibility vs. orbit rev and
date for Relay I.

o
A

O

z_

o

100

z

90

80

30O

250

200

150

lO0

5O

0

Ut/vL 

5OO 1000 1500 2OOO 25O0 3OOO

RELAY t - C_B]T RE'VOLUTIONS

I I i I I I I

DArE

W

I
{
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FIGURE 4-19.--Relative motion of orbit plane and
Earth shadow.

power available for operation during all
mutual visibility periods.

ATTITUDE DETERMINATION

From the standpoint of operations, the
attitude of the spacecraft (i.e., the orienta-
tion of the spin axis in inertial space) was
important only in that it affected the space-
craft antenna look angles. The initial orien-
tation of the spin axis at injection was

selected to provide optimum lqok angles for
the stations in the Relay network. Since the
satellite is spinning, this orientation should
nominally remain constant for the life of the
satellite.

There are, however, certain factors which
tend to perturb the orientation of the spin
axis, causing it to precess about its nominal
position. Provision was made in the design
of the spacecraft for sensors to determine
the attitude and for a mechanism to modify
the attitude if it should prove desirable to
do so. The sensors are a sun aspect indicator

which provides an input to the telemetry
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data indicating the angle between the sat-
ellite axis and the= line to the sun, and a

horizon scanner which provides a signal each
time the rotation of the satelljte cTau_es the
instrument to sense the change from the

cold Of space to the relatively warmsurface
of the earth, or vice versa. These two indi-
cations in combination provide sufficient data
to permit computation of the inertial orien-
tation of the satellite spin axis.

The attitude of the spacecraft can be modi-
fled, to a limited extent and at a relatively
slow rate, by the operation of the attitude

control coil incorporated in the satellite.
This is a coil of wire to which current can

be supplied in either a positive or a negative
direction. When the coil is energized, its
magnetic field interacts with the earth's
magnetic field to impart a precessional mo-

tion to the spacecraft spin axis, with the
direction of motion determined by the direc-
tion of the current supplied to the coil. Since
it was expected that any deviations of the
spin axis from its nominal attitude would
be small, this simple attitude-contr0I system
was sufficient for the requirements of the

program.
One aspect of spacecraft operation, then,

was to monitor the spin axis orientation by
means of the horizon scanner and sun aspect
indicator data, and to determine whether
any attitude corrections should be carried
out. Monitoring of the attitude in the
planned manner, however, was not possible
because of the apparent failure of the horizon
scanner to provide usable data. It was orig-
inally planned to operate the horizon scanner
on a regular schedule, perhaps once per
month, and from the resulting data com-
bined with the sun aspect indication to deter-
mine the spin axis orientation. The horizon
scanner operates only on command, and its
output is used to modulate directly the car-
rier from one of the two telemetry trans-
mitters; it is not included in the routine

telemetry data.

One operation of the horizon scanner early
in the program (Rev 155), did provideuse-
ful data which indicated that the spin axis

attitude was 2.5 degrees from n0minal; this
is a sufficiently small deviation so that no
correction was indicated.

__The sun aspect indicator operated satis-
factorily, providing a check on spin-axis
orientation in one plane at least. Figure
4-21 is a plot of the sun aspect as deter-
mined from telemetry compared to the theo-
retical values computed from the nominal
orbit. It can be seen that the deviations are
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FIGURE 4-21.--Relay I sun aspect history.

relatively small, indicating that the attitude

of the spacecraft has probably remained very
near its nominal value.

A further indication is provided by the
fact that the received signal levels at the
various ground stations have been close to
the values which would be expected with the

nominal look angles. This is only a rough
indication, but it can be concluded that there
have been no gross deviations from the nora-
inal.

Since there has appa_ntiy been no need
for attitude e0rrections: the attltude-control

=
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coil on the satellite has never been deliber-

ately operated. It was occasionally turned
on as a result of command anomalies, but
its operation was so slow that these short
periods of operation had no perceptible effect
on spacecraft attitude.

AUTHORS. This chapter was contributed
jointly by D. E. KENDALL, Space Technology
Laboratories, Inc., Redondo Beach, Califor-
nia, U.S.A. and W. S. SUNDERLIN, NASA/
Goddard Space Flight Center, Greenbelt,
Maryland, U.S.A.
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  66-I024) Chapter 5

Spurious Signals In Satellite Command Systems

- _=_- _ INTRODOCTION "

The problem of providing secure command

systems for satellites has become more prom-
inent as an increasing number of operational
satellites orbit the earth. As this problem
becomes greater, systems engineers must

learn about the systems which are in use
today in order to avoid the-pitfaIls that exist.
This report describes a command system
used today by the Relay I active communi-
cation satellite, but the scope of this work is

beyond that of a single system.
The author feels strongly that the prob-

lemsdiscussed here are not unique; rather,
some of them appear in nearly all remote
control systems, although they may take
slightly different form. Perhaps the greatest
mistake one can make is to look at the short-

comings of one system and deny the possi-
bility of similar deficiencies in another sys-
tem. For this reason the author feels justi-

fied in generalizing on the subject of satellite

command control by using the problems en-
countered in the operation of the Relay I
command system as a basis for discussion.

It is unfortunate that greater emphasis is

not placed on RFI when a system design
emerges. So often RFI (Radio Frequency
Interference) problems are set aside, due to
difficulty in defining precise limits of accept-

ability. In the specific ease of a command
system, the problem of providing a realistic
RFI level (in which the system may be

tested) is very great. This being the case,
it is important for the system designer to
take advantage of past experience in his
field, and for this reason it is felt that a
thesis of this nature is justified.

DESCRIPTION AND ANALYSIS OF THE
. RELAY I COMMAND SYSTEM

The purp_ose dirthe l{elay command system

was to provide ground _bn[r-oI of the satel-
lite with extremely high reliability, and sim-
plicity of satellite command equipment. Ex-

tremely high reliability was accomplished by
using an error-detecting communication code
and redundant s_£_-&ii;aft equipment to effect
the commands. Simplicity of operation was
attained with consoles that produce proper

commands by push-button and one-way com-
mand link only. No satellite verification that

the proper command has been received is
required for execution of the command. A
block diagram of the command system is
given in Figure 5-1.

A six-bit, error-detecting, binary code was
chosen for the Relay system. The code con-
sisl_s of three ones and three zeros; this pro-
vides a total of twenty combinations of three

ones, and three zeros, or twenty, six-bit,
command words. In practice, a command
word consists of six bits and a sync pulse
that clears the command decoder of all pre-
vious information. Figure 5-2 illustrates a

typical PDM code waveform. A command

383
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FIGURE5-1.--Relay command system, block diagram,

word is 105.6 milliseconds (msec) long and

consists of eight time-slots, each 13.2 msec
long. The first time-slot contains no infor-

mation and contains no signal at all. The

second time-slot contains the sync pulse,

which in PDM form is 9.9 msec long, fol-

lowed by a 3.3 msec period of no signal. The
last six time-slots contain the command code

(a one is a 6.6 msec pulse, and a zero is a

3.3 msec pulse). This PDM code amplitude
modulates a 5.451 kc subcarrier tone 100

percent. These PDM tone bursts are the out-

put of the command encoder, which is used

to amplitude modulate the 148 Mc RF car-

rier. The command encoder generates the

command and repeats the command five
times. The RF carrier is turned on one

second prior to transmission of the five-
command sequence. This is done to "quiet"

the command receiver in the spacecraft.
The command receivers receive the AM

signal, demodulate it, and present the de-

"S" I'I" "I _' 'tOU 'tOil

105.6

"1 " "0"

msec ,]

FIGURE 5-2.--Typical code waveform.

coder with the 5451 cps tone bursts which

make up the desired commands. The decoder

actually performs two functions: First, the

decoder demodulates the 5451 cps subcarrier
and reconstructs the PDM waveform; sec-

ondly, the PDM waveform is decoded and

the corresponding code is indicated by a

positive or negative pulse on one of ten out-

put lines. This pulse is then used to effect

the proper changes in flip-flop memories
contained in the command control box. These

memories, in turn, control various power

switches in the control box that supply dif-

ferent satellite systems with proper on-off
signals.

As indicated in Figure 5-1, the command

system components are completely redundant
in the case of the command receiver and de-

coder. The reconstructed PDM output of

each decoder is cross-coupled to the other

decoder to provide increased system relia-

bility.

For sake of completeness, and also because
it will aid in the error-analysis which fol-

lows, a more detailed description of the satel-

lite equipment is deemed necessary.

Commend Receiver

The command receiver was equipped to

receive ordinary DSB-AM, and is completely

compatible with the ground transmitter.
Pertinent characteristics are itemized in

Table 5-1. The unit is a single conversion

receiver with a crystal-controlled, local oscil-

lator and a 40 kc wide (6 db) crystal filter

at the input to the IF amplifier; the IF fre-

quency is 20 Mc and the IF amplifier is 700

kc wide so that the overall bandpass charac-

teristic is determined by the crystal filter.

This same receiver has enjoyed excellent

success in several current space programs.

Command Decoder

Figure 5-3 illustrates the block diagram

of the command decoder. The input from the
receiver is filtered, amplified, and then ap-

plied to the slicer amplifier circuit. The

slicer amplifier samples the signal at approx-

imately the 50-percent level. This signal is
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TABLE 5-1.--Parameters for the Relay Command Receiver

J

I

m

/

B

Input frequency band ......... 148 Mc

Modulation .................. AM

Noise figure ................. Typical, 7 db; maximum 10 db

IF frequency ................ 20 Mc

IF selectivity .... ,::_ _:_:::____ 40 ke bandwidth, 6 db down

-_ _ : " : 100 kc bandwidth, 60dbdown

Spurious rejection ............

Input impedance .............

Audio output impedance ......

Voltage gain .................

Audio output voitage for 90%

modulation at I KC ........

Oscillator stab]llty

(- 10°C to +60°C) .........

AGC dynamic range ..........

Down 50 db, or more

50 ohms

2000 ohms

120 db ±3 db over temperature

range from - I0°C to +60_C

1 volt, RMS

+ 0.oo_%
Audio output constant to :[: 1.5 db

:: ::_--: :L for input signal between 2.0 and

..... _ 10,000 mierovolts

over|oad leveI_ :-L_:_ :_ _-_ :_ -_ 50,000 microvolts

Power supply ........ :_____-_ 15 milliamperes at 24 volts, dc

Power-supply regulation. : __ Receiver has internal regulator to

permit operation from 20 to

35 volts

Operating temperature range. - 15°C to +60°C

Weight .................... 2 pounds (two receivers)

then demodulated, filtered again, and used to

activate the Schmitt tri_gger c!rcuit. The
Schmitt trigger output is amplified and then
gates a multivibrator. The output of this
multivibrator is a series of pulses, the num-

3s5

ber depending on the length of-the input

pulse. The multivibrator output is combined
with the Sclamitt gate by an AND gate and

applied to a counter. Depending upon the
number of pulses, either one, two, or three,
the counter output is a ZERO, a ONE, or a
SYNC pulse, respectively. The counter is
reset by the leading edge of the Schmitt

trigger output.
The ONE's from the first counter are used

to trigger the information driver which in-
serts ONE's into the shift register. The

ONE's output is also fed to a 3-counter and
to a delay circuit. The delay circuit output
triggers information stored in the low line
of the shift register into the upper line of
cores. The 3-counter counts the number of

ONE's in each message to determine that
there are three. The ZERO's are fed to the
Sam-e :delay=circuit and to a separate 3-
c6un_qff6h _le_ermlnes that the message
contains three ZERO's. The SYNC pulse

6u_ Of the first counter is used to reset
both 3-counters and to initiate delay circuit

A. The-output of delay circuit A triggers a

: [_V_ a TONO. 2DECODER "_ CROSSCOUPLE

' , , , , h-( ' '_IDI

TO- -NO. 2 DECODER • J J J_l

RESET

w.

MI-_H--1
I I LtbEl

I ' _=a-n I_G_ ETIC-_ 10 LINES iI
T J 20 COMMANDS J

TER J TO COMMAND J,

CONTROL UNIT

i

...... :_ - :_ ' : :;_'= FiGURz 5--3._Decoder biock diagram.

L

L :-_

-:. :-

: :: :7 ::L
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gate circuit, whose output is applied to an

AND circuit along with the output of both
3-counters. The AND gate output drives a
read switch circuit that enables the magnetic
shift register to read out stored information.

Six cores, which have information stored

corresponding to each of the six bits, have
ten lines wound about them in such manner

that when the cores are read out, the flux

induces a positive or negative pulse on only
one of the ten lines.

Command Control Box

The function of the command control cir-

cuit is to accept the decoded commands and

enable the command function to be per-
formed. This is accomplished by storing the
decoded commands in bistable memories and

operating transistor power switches, accord-
ing to the state of the memories. In most

cases the on-off function is accomplished by
directly switching the power to the desired
subsystem ; however, in the case of the wide-

band system, the radiation experiments, and
the telemetry enceder, only an on-off signal

is supplied by the command control circuit.
In addition to the switching functions

performed in the control circuit, several
other outputs are provided:

1. Command verification- This circuit
provides four telemetry voltages to indicate
the state of the command control memory.

2. Third stage separation indication--This
is a telemetry voltage which indicates sep-
aration of the third stage.

3. Command Receiver AGC--The AGC
voltage from the command receiver is am-

plified in the command control circuit and
presented as a telemetry voltage.

In addition to these items and on-off

switching, certain logic is incorporated with-
in the control circuit to perform the follow-

ing functions for the wideband system:
a. Low Voltage--Shutdown occurs when

the unregulated bus falls below some nom-

inal pre-set level. Shutdown may be in-
hibited by command.

b. Low Signal Received--Shutdown oc-
curs when signal strength in the receiver

falls below some nominal level for a period
of more than two minutes. The timers

which provide the shutdown signal may
be reset by repeating the on command to
the respective wideband system.

c. Pulse steering logic assures that only
one wideband system can be on at one time,
and that the telemetry transmitter is modu-
lated by only one signal.

The functional listing of commands given

in Table 5-2 is helpful in understanding the
various Relay systems.

TABLE 5-2.--List of Commands Used to Control the Relay I
Satellite

Command

No,

1

2

3

4

5

6

7

8

9

I0

11

12

13

14

15

16

17

18

19

20

Digital

Code

111000
110100

101100

011100

110010

101010

011010

100110

010110

001110

II0001

101001

011001

100101

010101

001101

100011

010011

001011

00011l

Function

Load cutoff normal

Transponder No. I ON

Transponder No. 2 ON

Transponders Olaf

Radiation experiments oFF

Radiation experiments ON

Telemetry encoder ON

Horizon scaflner ON

Modulate telemetry transmitter _1

Modulate telemetry transmitter $2

Attitude control negative

Attitude control positive

Attitude control and horizon

scanner OFF

Telemetry eneoder OFF

Telemetry transmitters 1 and 2 ON

Telemetry transmitter No. 2 OFF

Telemetry transmitter No. 1 OFF

Wideband mode

Narrowband mode
Load cutoff override

A brief glossary of terms will clarify the
command functions in Table 5-2.

The load cutoff normal and override com-
mands control the circuit that senses satel-

lite bus voltage and shuts off heavy power
loads, if load cutoff normal is commanded

and the bus voltage falls below the pre-set
value.

Transponder refers to the communications
system in the satellite; wideband and narrow

band modes refer to the type of operation
desired with the transponder. A TV trans-
mission would require a wideband mode
command, whereas two-way voice transmis-
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sion would require a narrowband mode corn- 1. The noise output of. the command re-

mand. ceiver is gaus_ian and white over the re-
Telemetry encoder-on or horizon scanner- ceiver output spectrum. This is a standard

on commands refer to the type of telemetry and reasonable assumption for a calculation
information required. An encoder-on com-
mand automatically turns off the horizon

scanner, and vice-versa. This prevents simul-
taneous modulation of a telemetry_ans-
mitter by both the encoder and horizon Scan-

her. Attitude control, positive or negative,
refers to the direction in which current is

commanded to flow in a large coll which en-
circles the satellite. This coil develops a

magnetic field which reacts with the earth's
magnetic field and develops a torque to cor-
rect any small attitude errors. As in the

case of the encoder and horizon scanner, atti-
tude positive and negative commands cannot
be effected simultaneously.

Errors of the Command System

The measure of any command system is
the ability of that system to effect the desired
command without error. Two basic types of

error may occur in a comman(]-system_ such

as Relay has. The first type]sfal u_ of the
command system to effect a desired com-

mand, and this type is the least serious, since
it can be commanded again. The secon(i type
is the occurrence of a spurious command,
i.e., a command that is not transmitted. In
any digital system, there is- (for each-w0rd)
a probability-of-error which is a function of
the slgnal-to-noise ratio of that word. The

calculation of this probability provides a
performance index or comparison between
systems.

ThUs, the following section will calculate

two error probabilities. The first is the prob-
ability that the command system will fail to
respond to a desired command and the second

is the probability that a spurious command
will occur. It should be emphasized that
these probabilities are theoretical values, and

should be compared with the results given
on page 394 of this chapter which describes

the performance of the Relay command sys-
tem. The analysis which follows is based on

the following three assumptions:

of this nature.
2. Receiver noise is considered to be ther-

mal noise only. N_o external signals are

considered -t)resent othei- than the desired
command. This is a simplification of the

problem rather than a justifiable assumption.
3. Ideal decoder performance is assumed,

to the eXten:t_ that filters are assumed to have

fiat response over the band and linear phase
characteristics. Wherever possible, actual
decoder characteristics are taken at face

value, when the circuit-operatlon figures
directly into the error analysis. An example
of direct contribution Of decoder design to

error probability wou_[d_e the circuit that
distinguishes between a SYNC, ZERO, and
ONE in the incoming code. This circuit con-
sists of a muiti;c_albr which is gated on

for one, two, or three pulses. If a single pulse
is missed bythe counter, the signal is incor-
rectly recognized, adrian- _rror has occurred.

By sampling t_t_-eWaveYorm at a rate consist-
ent with the filter bandwidth in the decoder,

this circuit couId detect the filter bandwidth
in the decoder,-and also notches in the PDM

waveform that caused the improper signal
recognition. Thus a multivibrator rate which
is five times as fast 4}ou_d produce five pulses
for a ZERO, ten pulses for a ONE, and fif-

teen pulses for a SYNC. This, however,
would make it harder to effect the proper
command and would require increased cir-

cuitry, and is not really worth the added
weight, power, and space.

DETERMINATION OF THE PROBABILITY
OF ERROR

Two probabilities were required to calcu-
late the over-all probability of error in the
Relay system: the probability that a ZERO
would be changed to a ONE and probability
that a ONE would be changed to a ZERO.

These two probabilities, Po, and Plo, are not
equal, as will be shown in the following
analysis. In determining the error prob-

=
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ability in a PDM system, the envelope of
signal-plus-noise is examined at the output
of the bandpass filter. The knowledge of the
filter bandwidth allows the examination of

the envelope at discrete time intervals 1
2B_

apart, as it is known that the envelope can-
not assume a new value in an interval of less

than_.
2B1

A ONE in the Relay system is defined as

the presence of a 5.451 kc subcarrier, whose
envelope is 0.7 volts (or greater) for a con-
tinuous period of 6.6 milliseconds, and a 6.6
msec period of no signal in the 13.2 ms time
slot given to each bit. A ZERO is defined as

the presence of the same amplitude and fre-
quency subcarrier for a continuous 3.3 msec
period and a 9.9 msec period of no signal,
during the basic 13.2 msec time slot for a
digit. Thus for a ONE to be changed to a
ZERO, the noise must add to the signal in

such a way that the envelope of signal-plus-
_noise is below 0.7 volts, at the instant the
multivibrator in the decoder is sampling the
Waveform. In determining whether the one
is changed to a zero, the envelope of signal-
plus-noise is sampled at the rate of one
sample per 3.3 msec (since the multivibra-
tot period is 3.3 msec) and the question is

asked at each sample point: "Is the envelope
greater than 0.7 volts?" At each of these

sample points, there is a finite probability
that the envelope will be below 0.7 volts. The

probability that at one of the two samples
the envelope will be below 0.7 volts is (Pb Pa)
where

Pb ---- Prob. envelope is _ 0.7 volts

P,, = Prob. envelope is > 0.7 volts

Pa -- 1- Pb

There are two ways in which the envelope
can be distorted so that the envelope of
signal-plus-noise is below 0.7 volts, at one
of the two samples:

The envelope may be below 0.7 volts at the

first sample and above 0.7 volts at the second
sample, or above 0.7 volts at the first sample
and below 0.7 volts at the second sample.

Thus the total probability that a one is
changed to a zero is

P10 ---- 2P_Pb (5.1)

It is then reasonably easy to obtain an

expression for the P_o and Po_ as a function
of signal-to-noise ratio, a. First values for

Pa and Pb (as previously defined) are tabu-
lated as functions of a with the value of v

fixed. Several curves may be obtained as v

is varied. Rice* has already plotted several
curves for value of a:0, 1, 2, 3, 5, and
infinity. These curves, and some additional
curves which were plotted by the author for

values of a which are of specific interest,
were used to obtain values of Pa, Pb, and PA.

When values of P_, Pb, PA were tabulated,
these values were used directly with Equa-
tion (5.1) to obtain curves for P_o vs a and
with equation (5.2) to obtain curves for
Pol vs a.

These functions are plotted in Figures 5-4
and 5-5. The value of S/N used in the calcu-

lation is the value of S/N following the 5.451
kc filter. This filter provides signal-to-noise

improvement of 13 db over the signal-to-
noise ratio out of the command receiver, i.e.,
the improvement gained in going from a 20
kc bandwidth to a 1 kc bandwidth. The

curves shown are plotted with respect to the

signal-to-noise ratio at the output of the
command receiver. A similar analysis for
the calculation of Pol may be made. In this

case, the noise must add to the signal so that
the envelope of signal and noise is above 0.7
volts for two samples by the multivibrator.
Since the subcarrier signal is present for
only one sample, this means that the en-

velope of noise alone must be greater than
0.7 volts for the second sample. Thus, the
probability that the envelope will exceed 0.7
volts for two counts is (P, P.4).

P_, ---- probability that the envelope of sig-

nal-plus-noise is greater than 0.7 volts.

PA = probability that the envelope of noise
alone is greater than 0.7 volts.*

*Rice, S. O., "The Mathematical Analysis of Ran-

dora Noise," Bell System Technical Journal, Vols.
23 and 24.
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This event may occur in two ways, i.e.,

first when noise alone is sampled above 0.7

volts, followed by signal-to-noise sampled
above 0.7 volts, and the other when the

sampling order is reversed.
. Thus the probability that a zero is changed

to a one is given by the expression
b-

L . _ :,
L.

P01 = 2Pa Pa (5.2)

It should also be noted that for a given

signal-to-noise ratio,

P01 = P10

Once values of Pa, Pb, and PA are calcu-

R -O._dR_ _-o.-i =7.4X10-3

0.7 0.7

lated, the corresponding values of Plo and
Pol may be obtained by direct substitution

into Equations (5.1) and (5.2).
In Rice's paper*, an analysis is given for

the distribution of noise-plus-sine-wave. For
the sake of completeness, the part of Rice's
analysis which deals with the envelope of

noise-plus-sine-wave will be repeated here.
It will be seen that the probability density
function for the envelope distribution may
be used directly in the calculations of P_, Pb,
and Pa. If

V(t) -- P cos pt + V, (5.3)

The envelope distribution of V(t) is the
case of interest.

The envelope of Vii) is defined as R(t)
where

R 2(t) -- (P + Vo) _ + V_2 (5.4)

where V_ is the component of V, in phase

with cos pt and V, is the component of V, in
phase with sin pt:

V_--_-:e. sin [(_. p)t--4,.]

V. : _"_c. cos [(_. -- p)t _.]

V. : V_ cos pt V_ sin pt

V. 2 --- V_2 -- V, 2 : _I'o

Since the values of Po_ and P,o are now

available, it is possible to obtain an expres-
sion for

Ps -: probability of obtaining a spurious
comm_and

PE -- probability that there is an error
of any type in a command Word. Since the

*Rice, S. O., "The Mathematical Analysis of Ran-
dom Noise", by Bell System Technical Journal, Vols.
23 and 24.
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code is an error-correcting code, one would

intuitively expect that

P_ > Ps

and such is the case, as will be shown.

The probability of obtaining a spurious

command is simply the sum of the probabil-

ities of all events which are considered spur-

ious commands. Since there are 20 possible
commands, one command is correct, and 19

commands are considered to be spurious, if

any one of these should occur. Assume any

given command has been sent, say

11 12 13 01 02 03

where

It is the first ONE

13 is the third ONE

02 is the second ZERO, etc.

This allows examination of the code, with

no loss of generality.

If there is an error in 1_, i -- 1, 2, or 3, there

must be a corresponding error in 0j, ] = 1, 2,

or 3 to produce a spurious command; and

Po (1_) = P,o, Pe ( Oj) = Pol

The probability of obtaining a spurious

signal with an error in only one one and one
zero becomes

P_(L)Pe(0j) [C_ ]2 = 9 PloPot

If there is an error in L and 1_, i =4=], i, ] =

1, 2, or 3, there must be corresponding errors

in 0_. and Oj k_j, k, ]= 1, 2, or 3 and

P_(I_ lj) =Plo 2

Pe (0, 0 i) = Pol 2

The probability of obtaining an error in
two ones and two zeros becomes

Pe (1, l j) Pe (0, 0_) (C _ ) 2 __ 9 P_o 2 Po, u

Finally, the probability of obtaining an
error in all three ones and all three zeros is

Pe(ll 1213) P_(O, 0203) (C_) 2 = P1o3Pol3.

Since the events are mutually exclusive,

the probability that any one event occurs is

the sum of the probabilities of all the events,
and

P_ = 9 Plo Pot + 9 Pro 2 Pot 2 + Pro 3Pot 3. (5.5)

The probability that an error of any type
occurs is where

P_ : 1 --PR 1 (5.6)

PE 1 _ probability that no error occurs.
It is not difficult to see that

P_' : (I--PIo)S(I--Po,) s

Since the probability that any given bit in

the command iscorrect isindependent of the

probability that any other bit is correct, by

direct substitution into (5.6),

PE : 1-- (1--P,o)_ (1--Pol) 3 (5.7)

Curves of Ps and P_ vs. the signal-to-noise

ratios on the output of the command receiver

are shown in Figures 5-6 and 5-7. These
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values were obtained with the aid of the

curves:s_own'in Figur}_: 5-_; and 5-g;:_-nd"
Equations (5.7) and (5.5).

SinceVo and V, are normally distributed
about zero with a variance of',I,o, the prob-
ability densities of the variables

? - =

x=P+Vo

y-- V,

are

X/2_ q,----_exp -- 2 *o

1 exp [ Y-"
\/2_ q'o i 2 _,o ]

respectively. Setting

x = R cos 0

y = R sin O

and using these distributions shows that the

]RdR exp -- (R _ -F RP cos O dO
2_ ¢'o _oo

o

R 2 -4-p2] RP
RdR exp [ -2_o-j Io(_), (5.8,

where Io is the Bessel function with imagi-

nary argument

X2"
I°(z)=.= o z2_n! n!

which is a tabulated function.

Employing a useful change of variables let

R dR P

v -- ,_ol/----g,dv -- _o_/2 , a -- ,_ol/2 (5.9) *

a may be recognized as the voltage S/N ratio

defined as peak signal/RMS noise.
The random variable is now changed from

R to v, whose probability density is

lo(av) (5.10)*
P(v) = v exp 2

The probability that v is less than some
stated amount, as distribution curves for v
may be obtained by=_n_grating ::_

"b'.

P(v)dv = P,(v < vl)
0

P_(v < v_) = I-- P_(v < v_)

Unfortunately this integral requires nu-
merical integration. Rice provides a useful

expression for this purpose from W. R.
Bennett in an unpublished work. This ex-

pression is

P_(v<v')=exp[V2-Fa2]_-'_(Vl-) nz.=, I,(av_)

THEORETICALEXPECTATIONS OF THE
COMMAND SYSTEM

Before describing the experimental results
obtained during Relay I operation, it would
be worthwhile to present a theoretical esti-

(5.11)*

• Ibid., Section 3-10.



392 RELAY I--PART II

mate of the command system performance.

As was previously stated, the performance

could be measured by the ability of the com-
mand system to execute the desired com-

mands without error. Two types of errors

were mentioned: spurious commands as dis-

cussed before, and the failure of the command
system to execute the desired commands.

The probability of spurious commands is

given by equation (5.5) and Figure 5-7. The

latter type of error should be almost non-

occurent since commands are repeated five
times and

PM = probability of command system
failing to execute the desired
command

P_ : (PE) 5 (5.12)

To obtain a quantitative estimate of P_

and P_f, Table 5-3 presents a calculation of

TASLE 5-3.--Relay System Parameters

Assumed system parameters

Carrier frequency ..........

Nominal range .............

Polarization ...........

Elevation .................

Transmitter power .........

Modulation ................

150 Me

7000 nautical miles

Circular (ground), Linear (spacecraft)

10 _

300 watts

s0% AM

Calculation of received signal power

Item

Transmitter power .......

Ground station losses .......

Antenna gain .............

Tracking loss ............

Net radiated power ........

Free space loss .............

Atmospheric attenuation._.

Fading margin ............

Spacecraft antenna gain _

Line and diplexer loss .......

• Receiver power split ........

Polarization loss .........

Net propagation and

spacecraft losses .........

Received power ..........

(;sin (db)

13.5

2.0

Net power

Loss (db) level

54,8 dbm

3.5

0.3

64.5 dbm

158.2
0.5

5.0

1.5

3.0

3,0

173.2 db

- 108.7 dbm

Calculation of the signal-to-noise ratio at the receiver output

Received power (see above) .......................... - 108.7 dbm

Noise power at receiver input (see below) ......... --117.7 dbm

Signal-to-noise ratio at the command receiver output_ . _-1-9 db

the signal-to-noise ratio out of the command

receiver. Calculations are based on the Relay

system parameters. The expected signal-to-
noise ratio out of the command receiver is

+9 db. This signal-to-noise ratio is so high

that it does not have a corresponding value
for Ps or PE in Figures 5-6 and 5-7. P_ has

a value of approximately 1 X 10 -7 and S/No

= +4 db and the curve is falling off at the

rate of approximately one order of magni-

tude per db. Extrapolating the curve with

this approximation results in a value for

P, of 1 X 10 -_2 which is extremely low, and

this result indicates that spurious commands
would be almost unheard of.

In a similar manner, Ps may be evaluated.

At +9 db, PE has an approximate value of
1 X 10-7. This corresponds to a PM of

1 X 10 -'_5, in other words, a missed command
would never occur.

A CALCULATION OF RECEIVER NOISE DENSITY

AND RECEIVER NOISE POWER

The receiver noise density is given by the

following expression :

_,.ec -- Kts

where K---- Boltzmann's constant and T_ ---

system noise temperature.

T_ 1
--L,L._ [TA_-T,(L,--I) T,.,(L2--1)L_]

-}- (F--l) To (5.13)

TA = Antenna noise temperature

To = Temperature of spacecraft receiver

(290°K)

T_ ---- Temperature of spacecraft diplexer
(290°K)

T2 = Temperature of spacecraft power

splitter (290°K)

F = Receiver noise figure (10 db)

Lt _- Line and diplexer loss (1.5 db or X/2)

L.. = Receiver power splitter loss (3.0 db

or 2)

TA = TEk -t- To. (1 -- k) (5.14)
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= Total fraction of galactic sphere in-
tercepted by earth for an isotropic
antenna at 5000 nautical miles from

earth

T_ ---- Temperature of earth (290°K)

Tc = Integrated galactic noise temperature

( r ii )i :, ': ,i5)
k =- (Tv_290_2)*. 7_ (5000_- , -

r_ = Radius of the earth in nautical miles
-- 3390 nautical miles

k ---- 0.03

TA ---- 290 (0.03) + 1160 (0.97) -----l130°K

Substitution of this value in the first equation
results in the following expression:

T_ _ 1__ r1130+290(_/2-1)
2#2 [

290 (2--1) 72 -F(10 1) 290]+

= 3200°K

Receiver Noise Density

_,_ = KT, or --163.7 dbm/cps
gno,_e _ err,,e B_t

where

P,,,,_ = Noise power at receiver input
B_f = IF bandwidth of command receiver

---- 40 kc

P,,,,_,:__ --117.7 dbm

PERFORMANCE ANALYSIS OF THE ORBITING

RELAY:[ COMMAND SYSTEM

Following the launch of Relay I spurious
commands became a serious problem which
required special investigation.

The previous pages predicted the perform-
ance of the command system and gave an
estimate of the number of spurious com-
mands which might be expected. But actual
spurious commands were occurring at a
much greater rate than expected.

Generally speaking, the orbiting spacecraft
exhibited several anomalous performance

393

-- patterns. These patterns fell into the fol-
lowing groups :

o 1. Spurious Commands Occurring Spontane-
ously

These occurred both when the satellite was

in view and Out of view. It was felt that

these Spur|6fis commands were not related

to operationa! procedure, since the number
occurring during operation Of the spacecraft
was roughly proportional to the length of
the operational cycle. For example, if the
satellite were monitored 15 percent of the
time, approximately 15 percent of the spuri-
ous resp0nses occurred while the satellite
wa_ _ mon_ _is was _ mos[ puzzling,
since spurious commands were expected to

occur only upon transmission of a command.
All commands in this category occurred
when commands were not being transmitted.

2. Spurious Commands Generated on Trans-
mission of a Command

In this phenomenon, there appeared to be
no relationship between the code of the
command sent and the code of the spurious
command received; This phenomenon dis-

appeared when the command transmitter
power was increased to 3 kw. There were
few spurious commands in this category
and they were the type that were expected.
3. Command System Failing to Respond to
Commands

This was totally unexpected, since the sys-
tem calculations (Table 5-3) indicated that
there should be more than enough margin in

the system. This phenomenon also disap-
peared when the transmitter power was in-
creased to 3000 watts.

4. High AGC Voltage in the Command Re-
ceiver

Telemetry indicated signal presence in the
command receiver. The AGC voltage was
telemetered for indication of signal presence,
and since the command transmitter was off

except during command transmission, this
result was surprising.

A systematic study was undertaken to
determine the possible cause of the anoma-
lous command system behavior.

The first effort was by a data reduction
team which reduced telemetry data, making

*From "The Effective Noise Temperature of the

Sky," by tIogg and Mumford, Microwave Journal,
March 1960.
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note of unusual command system perform-
ance. Command receiver AGC was plotted
as a function of time and spacecraft loca-
tion. These results were correlated with
NASA information on anomalous command

system behavior and studied for possible re-
lationships between spacecraft system per-
formance and the spurious commands.

The second effort consisted of a very thor-
ough laboratory study of the command sub-

system. Tests (prior to launch) to determine
the susceptibility of the spacecraft to spuri-
ous commands proved to have been too nar-
row in scope, as they considered only those
interfering signals whose center frequencies
were exactly on the frequency of the com-
mand receiver. Nevertheless, confidence in
the Relay I command system was borne out
in Relay prototype and Relay I system tests,
during which the spacecraft never exhibited
the anomalous command system performance
observed following launch. The tests in the
laboratory following launch were considered
to be as thorough as possible, and these tests
revealed that several combinations of events

would lead to spurious commands through
the RF command link. Attempts were made
to locate ground transmitters at or near the
Relay command frequency, and the effects
of their signals were considered with respect
to the results of the laboratory experiments.

The third part of the study consisted of
an investigation of circuit changes, in the

command decoder, to eliminate the spurious
commands observed during Relay I testing.

Telemetry Data Reduction

Analysis of data obtained from telemetry,
and subsequent analysis of operations re-
ports obtained from NASA, yielded some
rather interesting results. The four basic
modes in which the anomalous performance
patterns may be classified have previously
been described.

The first and fourth items were the pre-

dominant modes of anomalous performance,
and since the other anomalies disappeared
when command transmitter power was in-

creased, the major effort concentrated on

explaining these predominate modes.
The spurious commands seemed to occur

at random, both with respect to time and to
the specific spurious command. Table 5-4

TABLE 5-4.--Spurious Commands as a Function of

Command Number During January 1965

NASA Number of times
command Command appeared

mtmber spuriously

1

2

3

4

5

6

7

8

9

I0

ll

12

13

14

15

16

17

18

19

20

Load cutoff normal .............

Transponder No, I ON ...........

Transponder No, 2 ON .........

Transponder No, 1 & 2 OFF ......

Radiation experiments OFF .......

Radiation experiments ON .......

Telemetry encoder ON

(horizon scanner OFF) .........

IIorizon scanner ON

(telemetry eneoder OFF) .......

Modulate telemetry trans, No. 1_.

Modulate telemetry trans. No. 2..

Attitude control negative .........

Attitude control positive .........

Horizon scanner and attitude

control OFF ..................

Eneoder OFF ...................

Telemetry transmitters

No, 1 &No. 2ON .............

Telemetry transmitter No. 2 OFF.

Telemetry transmitter No. 1 OFF_
Phone ON--TV OFF ............

TV ON--phone OFF ............

Load cutoff override ............. I

t

1--Normal state

3

0--Normal state

l--Normal state

9

2

4

8
0--Normal state

3

6

2--Normal state

2--Normal state

9

9

5--Normal state

1

2

7

gives a listing of the commands and the
frequency of their occurrence. It should be
noted that certain commands could have oc-

curred spuriously and gone unnoticed. For
example, a Wideband Systems #1 and #2
OFF command would not be noticed if the
wideband systems were off. Since the wide-
band systems shut themselves off after two

minutes if no carrier is present in the wide-
band receiver, a Wideband ON spurious
command would go unnoticed unless the
spacecraft was in view. Some evidence has

been found that the Wideband Systems had
come on spuriously and shut themselves off.
This evidence lies in the fact that the space-

craft temperature in the vicinity of the
TWT was higher than anticipated when te-
lemetry data was taken, indicating that the
TWT had probably been on sometime during
the orbit.
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Another anomaly=which becameapparent =this phenomenonwasobservedand the re-
during a study of the spuriouscommands
was the occasionalinversion of telemetry
modulating signals. Inversion of telemetry

modulat!ng signals mean s that the +encoder
signal is suddenly replaced by the horizon

scanner signal (or vice versa). This iscon-
sistent with the circuit logic employed in the
Command Control Box to ensure that the two

telemetry modulating: signals +are not Com-

manded on simultaneously. Occasionally,
when the satellite went out of view (of the

Nutley, New Jersey tracking station_) with
the horizon scanner signal modulating the
transmitter, it came back into view on the
next orbit with the encoder modulating the

transmitter. This seems to point to spurious
commands being generated through the RF
command link (rather than from transitions
in command control box flip-flop memories)

since it would require two transistions in the
flip-flops to give the telemetry modulating
reversal described above. The random oc-

currence of commands indicated by Table

5-4 seems to indicate that no particular
command decoder output, or command con-
trol input, is more sensitive to spurious
signals than another.

Varying command receiver AGC of levels

much higher than anticipated also proved to
be a cause of major concern. The pattern

evolved that the AGC in the command re-
ceiver could be as high as six microvolts

when the wideband system was on, or when
both telemetry transmitters were on. As
will be explained later, tests conducted on the
prototype spacecraft revealed that the second
harmonic of the wideband receiver IF Am-

plifier interfered with the command system.
While this explained some of the high AGC
readings, there were still numerous cases
where the wideband system was off, and te-
lemetry indicated signal presence in the
receiver.

There did seem to be a relationship be-

tween high AGC and spurious commands
although the correlation sample available
was too smaI1 to arrive at any solid con-
clusions, it iS mentioned at this time, since

I i

suits of laboratory work bear this theory
outl Generally SPeaking, it may be said that
spurious commands = implied high command
receiver AGC, but the converse was not true.

The occasional spurious command gener-
ated when a command was transmitted, and

the failure of the command system to re-
spond to a command occurred when the
AGC of the:=receiVer Was unusually high. It

is believed that these phenomena were
caused by other signals blocking the com-
mand receiver, since they disappeared when

the command transmitter power was in-
creased. Laboratory experiments described

in the following pages have shown that if
two signals are present in the receiver, the
signal which is 3 db stronger will capture
the system, if the signals are 6_ Comparable
signal strength and one signal is quite noisy,
the command information carried by the
other signal may be distorted enough to give
a spurious command. This is the type of
spurious command which has been analyzed
in the first section.

Laboratory Investigation

Using results obtained from the analysis
of Relay I performance, a careful laboratory
investigation was begun to study the effects
of interfering signals on the command sys-
tem. Extensive tests were run and a de-

scription of the tests and their results are
tabulated in Table 5-5. As would be ex-

pected, the key to generation of spurious
commands was in opening the squelch cir-
cuit in the decoder. The squelch circuit in-
hibits generation of any command, unless it

is opened with a 5.4 kc subcarrier tone for
an appropriate length of time. But once the
squelch is opened, the door is opened to
spurious commands, as evidenced by the
Table 5-4.

One surprising result was the effect of
AM and FM signals, the carriers of which
were located on the skirt of the command

receiver response curve. Since the skirt of
the receiver response curve acted like an FM

discriminator, audio outputs were obtained
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TABLE 5-5.--Laboratory Tests on the Relay Command Subsystem

Test description

Modulating carrier with random noise (0-20 kc)

Modulating carrier 100% with audio tone swept from l0 cps

to 20 kc. Slow and rapid scan.

Two carriers--one CW, one modulated with commands

Two carriers--one modulated 80% with proper codes, one

modulated 20-80% by 2.5 kc keyed 2-100 cps

No input; maximum receiver noise output. (600 mv. RMS)

Subcarrier frequency varied from 2.5-8 kc. Proper commands

modulating subcarrier. 80% RF modulation

Correct commands with 2.5 kc subcarrier overmodulating the
carrier

Using an electric drill to produce noise, varying speed and level

Tested decoder to see if temperature difference would open the

squelch

No input; maximum receiver noise output. (600 mv. RMS).

Decoder one shot read window held open

Two low level carriers (0.5 v.) applied to system 5.4 kc apart

Carrier at 148.260 Me--15 kc frequency modulated with an

audio frequency signal

Command decoder squelch

Squelch would not open

Squelch opens in vicinity of
5.4 kc

Squelch opened for

commands

Squelch opened only for

proper commands

Squelch manually held open

Squelch manually held

open

Squelch manually held

open

Squelch manually held

open

Results

Squelch opened

sporadically

No false commands

No false commands

No false commands.

Signal 3 db stronger

captured system

No false commands; 2.5

kc would not open

squelch

No false commands

No false commands;

commands would acti-

vate from _:5_ kc

Command system

responded

No false commands.

Command receiver

AGC read as high as

80 _volts

Squelch would not open for

temperature difference

of IO°C .....................

Squelch manually held False commands occurred

open at the rate of 1 per

minute

Squelch opened Sporadic false commands

Occasional false

commands

which generated spurious commands in the

command system. The mechanism which
generated the spurious commands was the
AGC system which saw a lower average
power than it did with an on-center fre-
quency signal, due to the characteristics of
the 20 Mc crystal filters.

The gain of the receiver was then greater

than normal for side bands of the signal
closer to center frequency. In this way, audio

output voltages greater than could be ob-
tained by on-center frequency signal were
observed. These higher audio outputs were
capable of opening the squelch circuit and
generating spurious commands. Another

contributing factor lay in the fact that the
spectrum of interfering signals might be
narrower than the 20 kc spectrum _vhich the
receiver was capable of handling. The spec-
trum on the interfering signal might contain
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components close to the subcarrier frequency _8,TT.REEPtOTSD,Fr_CN._OR

and hence the theoretical i3 db :improvement = ]/ PAssesk
provided by the bandpass filter in the corn: i: _, / /\
mand decoder could not be expected. : R[_O_F _ ,._ 7\

Broadcast material such as rock and roll //_ _ J \
music was recorded_ and played into the com- _ / _ //_ J \
mand system by means of an FM signal Y,. / \ / 2"¢ \
generator whose carrier frequency was 15 kc _ __ S

below the Relay command frequency of t _--__

148,260 Me. With a signal strength of 3 _ _ ............ ]
microvolts, spurious commands were gener- \ _'5_'_ow_ /
ated at the rate of several per minute. The \ _oc_ /
corrective approach would be to modify the _ _G,o_OF,,G_G_ /
command decoder to discriminate against _ ._/

......... "_ _* II _ / ¢_- LOCUS OF TRANSITIONnoise _lgnals. inls 1s (11scusseo more iu y _ POINTS
in the section on the decoder modifications.

On the basis of these experiments, a theory
arose that gr0und-based stations near the
Relay command frequency could be causing
spurious commands. An attempt tO pinpoin(
ground stations was made by plotting the
satellite orbit and recording AGC voltage
along with the orbit in the Correct position.
The idea was to see if_ the transition between

high AGC and low AGC was-gradual or
abrupt. In several cases abrupt changes
were evident. This would correspond to the

FIQUI_E 5-8.--Geometry involved in the location of a
transmitter.

duce a signal level of about 3 microvolts.
This would be sufficient to produce spurious
commands.

The investigation of ground stations ra-

diating at or near the command frequency
of 148.260 Mc brought up several interesting

points. As mentioned above, ground stations
do exist which either share or infringe on

satellite dropping out of view of a trans- the Relay command frequency. FM stations
mitting station. By making note of the •:_ m Canada and the United States also have
points at which these transitions ocCurred, sufficient power to interfere with the com-
the station could be pinpointed on the map.
Figure 5-8 indicates the geometry involved.
The perpendicular bisectors of the chords

between three _ransltion _ p0ints intersect
at the location of the transmitting station.

Figure 5-9 shows orbit data plotted for
three orbits which revealed sharp transitions

in the AGC. Straight lines connect the tran-

sition points. Perpendicular bisectors inter-
sect a ta point in the lower half of South
America. The results do, however, point

to the fact that signals near the Relay fre-

quency are being" radiated from South
America. A check on international commu-

nications frequency assignment did reveal

an Argentine station AYY627 at 148.255
Mc. It is rated at 250 watts and emission

36F3. At minimum range which ]s]n the
Southern hemisphere, 50 watts would pro-

mand receiver. European stations are be-
lieved to exist in this band (148.26 Mc ± 40
kc) radiating as much as 1 kw.

In the United States alone there are sev-
eral satellites which share the Relay com-
mand frequency; Injun and Syncom both
had active ground stations during the period
in which high AGC levels and spurious
commands were received. The effect of the

Injun command system has been Shown in

the laboratory to have little probability of
generating a suprious command in the Relay
spacecraft. RCA personnel visited the Syn-
corn ground station at Lakehurst, New Jer-
sey. Tests there revealed no spurious
commands, however, the decoder squelch
circuit would open With certain modulating
signals used during Syncom operation. This
is mentioned since the opening of the squelch
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FmtrRZ 5-9.--Orbit data from three passes which showed abrupt changes

in telemetered AGC voltage,

is the key to spurious commands. The OAO

Project, Project SERT, and a military sat-
ellite, all share the Relay command fre-

quency. The military satellite is the only
operational satellite, other than Relay and
Injun, and while little information is avail-
able on the military satellite, it is known

that this satellite is also experiencing spuri-
ous commands.

The possibility that spurious commands
could be caused by internally radiated RF
(such as from the wideband system or the
telemetry transmitters) was also thoroughly

investigated• Extensive testing of the pro-
totype following launch of flight model I re-
vealed the following:

1. Radiation from the wideband system
does exist. The high signal level present

when the wideband system was turned on
could be explained by the fact that the IF

frequency of the wideband repeater is 70
Mc and is 25 Mc wide. The IF output is
limited and then tripled. In the tripling
process, a considerable second hal:monic is

also produced. The second harmonic of 74
Mc is 148 Mc, and thus it is reasonable to
expect that this is probably the source of
the wideband interference noted during Re-
lay I operation. This interference is not
the type which could cause spurious com-
mands in itself, since the interference is in
effect a white noise spectrum across the re-

ceiver band. Tests on the command system
have shown that pure random noise alone
is not sufficient to cause spurious commands,

unless it is of a level greater than the corn-
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mand receiver can supply. It is desirable to grating the signal at this point. Integration

reduce this interference, however, since it provides a measure of the energy in the
serves to de-sensitize the commandreceiver, signal, and since the energy in any code

It was found also that interference was waveform is less than the energy of a code
being radiated from power' leads tO t_e Waveform plus noise, this fact may be used

wideband system. These leads were 10ng to discriminate between a code signal with
enough to become anfennas at the command - a small amount of noise and a code signal
frequency. The effect-of TheseUs as with a great deal of noise. Such a circuit

radiators could be decreased with a com_bina- Was designed _nd iricor_drated into a de-

var{ous :_points _in--_tie decoder _was: made.

Refi0gnition and rejection of the nolsy sig-
- -rials: cbfild: be mff(Ie,_:_fOiiowing the slicer

tion of shielding and addition-o_ferrite
c0-_,ixial filters on the le/ds. Th]s-m_de radi-

ation from the power leads at t_l_e_m-and
frequency virtually impossible.

2. Interference from the teIei_e_=Ei_/_h-s-
mitters could occur only-when/therewas an
unbalance in the diplexers, such as a broken
antenna whip. Such an unbalance does not
dause spurious commands, however; the un-
balance produces a blocking effect On the

command receiver, and the command system
fails to respond to command.

Command Decoder Investigation

Following experiments perfor_ied in the
laboratpry to determilie mechanisms for

spurious commands, the command decoder
circuit was re-eva|uate_] _o see_ifa-ny of these
mechanisms mightbe avoided" _n:-tl_e--future.

One improvement was !mmediately apparent.
Spurious commands occurred when the en-
ergy in the subcarrier band was irregular,
as might be expected with an interfering
signal. The squelch ci_hU_C in-- t_ie _ decoder

was thus keyed on arid off and the voltage
regulator for the counters ih--the _de-Coders
was keyed on and off as well-. Greater sta-
bility could be mainta{ned-ln thecounters if
the regulated voltage was on constantly and
the squelch signal used to inhibit the output
of the Schmitt trigger, rather than using
the squelch signal to turn on the regulator.

Another possibility for improvement of

the decoder could be realized if the signals
of low signal-to-noise ratio coti|d be rejected.

A careful study of the code-waveform at

ampiifler:and:demoaulat0r circuit, by inte-

coder. The period of integrat[on was 100
milliseconds qr- approximately the period of
one command _;ord.

A threshold device sensed the output of
the integrating network and provided a Sig-
nal if the integrated value exceeded a preset

level. This signal was provided as an addi-
tional input to the squelch circuit so that now
either of two events could squelch the de-
coders: the absence of s]gnais--in the sub-

carrier band, and_resence of too much
energy in the subcarrier band (as would
correspond to a signal distorted greatly by
noise).

The squelch circuit was changed so that
this signal no longer was used to turn on and
off the regulated supply to the counters. In-
stead, the squelch action was applied to the

output of the Schmitt trigger circuit.
This modified decoder was then used in a

test which had produced spurious commands
with the original decoder. This modified
decoder proved to be free of spurious com-
mands. It was recommended that these rood-

ifications be incorporated in all future Relay
decoders.

While this modification proved to be quite

effective, testing was continued to see if any
weak links still existed which might cause

problems in the operational Relay system.
Extensive laboratory tests revealed one very
restrictive set of circumstances which would

result in spurious commands. When com-
manding at the threshold of the command

system, i.e., at that RF level which was
barely adequate to effect a command, spurious
commands at threshold often follows very

closely. The frequency of spurious com-
mands at threshold follows very closely the
value predicted by Equation (5.5) for the



400 RELAYI--PARTII

signal-to-noiseratio expectedat threshold.
Thevalueof signal-to-noiseat thresholdmay
beshownto be

A
a

_o 1/2

A ---- Zero to peak amplitude of the signal
at threshold

_,ol/2 = RMS value of the noise at threshold

Ro = RMS value of the receiver output

Ao_-- 1 volt RMS,
A = 0.7 volts at threshold

A 2

2

t 2

_'o = 0.75 __ a 2
@o

= 0.66 or SiN I db= --1.75 db

Since the filter provides 13 db improve-
ment, the SiN after the bandpass filter is
11.25 db. This corresponds to a probability
of spurious command (from Figure 5-7) of
1 y. 10-s. The obvious solution to the greater

susceptibility of the decoder to spurious
signals at threshold is to assure that com-

manding is done well in excess of threshold.

CONCLUSIONS AND GENERAL REMARKS

The preceding analyses and discussion

centered around a specific example of a satel-
lite command system. The following discus-
sion is included to broaden the scope of this
thesis, since spurious signals in any satellite
command system create problems for the
design engineer which should not be ignored.
Usually, when a command system is designed,
its operation is successful only within the
framework established by the system de-
signer. Theoretical performance calculations

are only valid within this framework, and
too often real situations are ignored or for-
gotten in establishing the framework. The

result is in the emergence of a system in
which the actual performance differs con-
siderably from the performance predicted
by theory. The solution to this problem is
not clear-cut. On one hand the system de-
signer may attempt to expand the frame-

work of his design in arriving at theoretical
performance predictions. On the other hand
the designer may require an operational pro-
cedure in commanding which assures that
the system is operating within the frame-
work of the original design. Both solutions
require working knowledge of the problems
encountered by various systems, such as
Relay I, and it is felt that some of the prob-
lems discussed here are common to all satel-

lite programs. It is unfortunate that little
documentation is available on systems other

than Relay, and this paper provides the only
documentation available on that program.

The fundamental concept in the analysis of
the orbiting Relay I system was the realiza-
tion that interfering signals had a profound
effect on operation of the satellite. These

interfering signals should be considered as
a basic problem which any command system
will encounter, i.e., they should be included
within the framework of the system design,

and necessary precautions taken to minimize
their effect on the system. It is common
practice today to estimate the performance
of a system with the aid of a mathematical
model in which interference is neglected and

gaussian noise is the only variable against
which system performance is measured. The
value of analyses such as these lies in the
mathematical convenience of the gaussian
model since results are often obtained in

closed form. These analyses also provide

expressions with which a comparative anal-
ysis of different systems may be made. It is
here that their value ends, however, since

the gaussian noise interference would ac-
tually be only a second order effect in the

presence of intense interference.
There are two basic effects which result

from the presence of interfering signals.

The first effect is the so-called capture effect.
The interfering signal is thus stronger than

the proper command signal and the command
message is not received by the satellite. The
second effect is the concentration of the in-

terfering signal spectrum in a band much
narrower than the video bandwidth of the

command receiver. This effect results in
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SPURIOUS SIGNALS IN* SATELLITE COMMAND SYSTEMS

signal-to-noise ratios much lower than ex-

pected when bandwidth reduction techniques

are used to provide signal-to-noise improve-
ment in the system. The lower signal-to-

noise ratios obtained result in system per-
formance which is much worse thanfihe
performance predicted by theory.

The solution to this system designer's di-
lemma lies in the acknowledgement t]/at

spurious signals are indeed a problem, and
then attacking the problem from several
angles which will be discussed below. In

general, however, it may be stated that any

401

Recently some systems have evolved which

tend to decrease the effect of interfering
signals. These systems employ spectrum
spreading such as would be obtained with
modulation index FM or large modulation
bandwidths a_ would be obtained with the

so-called random-access, _[iscrete-address,
class of systems. Systems such as these have

been proposed for various secure communi-
cations networks. They unfortunately re-
quire a large portion of the spectrum and
corresponding increases in equipment com-
plexity. Systems such as these may be more

system design should be considered incom- immune to interference but the cost in terms

plete unless major consideration |s _T'_-_-o of bandwidth, weight, and circuit complexity
the effect of spurious signals. This may be makes them unfeasible for command control
done in several ways and a discussion of
each technique follows.

The Inclusion of Spurious Signals in the
Performance Analysis

Need]ess to say, this would be a valuable
tool in estimating any system's performance
were it not for the fact that the mathe-

matical complexity which occurs may obscure
the desired results. This has been encount-
ered in the development of expressions for

error probability as functions of the signal-
to-noise ratio. This is so because in practice
there are no systems whose probability of
error is a function of the signal-to-noise
ratio alone. Another important factor in any
error analysis is the effect of the receiver

AGC on the output signal-to-noise ratio.
This is especially important when the effect
of interfering signals is considered. A sec-
ond factor would be the nature of the inter-

fering signals, i.e., an analysis which con-
sidered white noise interference would pro-
duce results which may differ considerably

from the results obtained with an analysis
which considered CW-type interference.

Generally speaking, it is extremely diffi-

cult to include interfering signals in any
mathematical model of a command system,

and only that type of interference which
would seriously degrade the performance is
worth considering at all.

systems.

Secure Command Systems Through increased
Complexity in Operational Procedures

This technique is being employed today in
several satellite command systems, and re-

suits indicate a practical solution to the prob-
lem of spurious commands. Basically there
are two procedures employed.

One procedure involves transmission of
the command, decoding the command in the
satellite, tranmission of the command veri-
fication from satellite to earth, and trans-
mission of a command-execute signal to the
satellite. Such a technique requires a two-
way communication but this usually is not a

problem since such verification may be easily
provided through the telemetry link.

The second procedure requires transmis-
sion of the command a second time and a

bit-for-bit comparison is made in the satel-

lite. Naturally, this type applies only to digi-
tal command systems.

The techniques described here practically

eliminate spurious commands, although they
certainly don't solve the problem of intense
interference capturing the command system.

The only solution to that problem is to pro-
vide command signal levels at the satellite
well in excess of the calculated system
threshold, k
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Command System Squelching with Improper
Signal Recognitien

This, essentially, is the technique employed
in the modification program performed on

the decoders for use in the Relay II program.
This technique examined the command sig-

nal for characteristics to distinguish the com-
mand signal from a spurious signal in the
receiver. In the Relay system, the integrated

command signal level was less than the in-
tegrated signal of random noise, voice, or
any waveform whose duty cycle in a given
period was 100 percent. As described ear-

lier, this integrated signal level was passed
through a threshold device and the output
used to squelch or unsquelch the decoder,
depending on whether the proper command

signal or a spurious signal was present. An
identical technique could be used in almost
any digital command system. Results from
the operation of the Relay II satellite indi-

cate proper command system performance,
i.e., no spurious commands since the launch,
and the problem of spurious commands oc-
curring spontaneously has been virtually
eliminated.

The three techniques described above
should be considered practical answers to
the problem of spurious signals in satellite
command control systems. Radio frequency
interference has always been a practical
problem in communication systems and the
elimination of the problem is impossible un-
less systems are designed with RFI in mind.
This paper has concerned itself with inter-
ference in satellite command systems be-
cause so little information is available for

review by systems designers. There is some
feeling today that spurious commands which
occur in satellite programs should not be
publicized as they might reflect design de-
ficiencies and prove to be a source of embar-
rassment. Such a philosophy not only is
unwarranted but also contributes to the de-

signer's dilemma. The designer is left to
learn by bitter experience or word-of-mouth
of the problems encountered by others in this
field.

AUTHOR. This chapter was written by J.
C. BLAIR of the Radio Corporation of Amer-
ica, Princeton, New Jersey, U.S.A. under
contract NAS 5-1272 with NASA/Goddard

Space Flight Center.
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Chapter 6

The electrons and protons distributed in

the Van Allen belts present a number of un-
resolved geophysical questions concerning

their origin and their interaction with the

flucthating_magnetic field Of the earth and

the electromagnetic and hydomagnetic waves

which propagate in the trapped particle

space, These particles also present a vari-

ety of technological problems since they con-
stitute a radiation environment which is

damaging to electronic components in satel-

lites. The radiation experiments on Relay I

were designed to help answer both the scien-

. title and technological questions. This report

The Energetic Particle Environment of Relay I

Two semiconductor p-n junction particle detectors have been supplied by Bell
Telephone Laboratories for the Relay I payload in order to evaluate portions of the
energetic particle environment encountered by the spacecraft and to add to the over-all
understanding Of thetr_pped radiation belts. One of these detectors measures electrons
with energies above approximately 1 Mev, and the other measures pr0tons-in several
energy ranges with principle sensitivity in the 2.5 to 8 Mev region. Analysis of the
first seven months of data shows the electron measurements to be in good agreement
with those made on Explorer XV, and to be characterized by a stable high intensity
inner belt with a maximum on a magnetic field line with L _ 1.3 earth radii, a rela-
tively unstable outer belt with a maximum on a magnetic field line approximately 4.5
earth radii, and a deep m_n|mum :between 2 and 3.5 earth racl|i. The flux of low
energy protons reaches a single maximum at an equatorial value of L of about 1.9
earth radii for pr0t0ns ofa_but_ Mev and 2.1 earth radii for protons of about 2.5 Mev.
It is these low energy Protons wi_th their extremely high damage rate per particle in
semiconductor materials that are responsible for most of the damage sustained in
radiation damage experiments with unshielded solar cells on Relay I. The observed
maxima in the damage rate coincide with periods during which the satellite is spending ]

a large amount of time in or near the maximum in the proton distribution, t _/_J

INTRODUCTION describes theparts of the radiation experi-

ment provided by Bell Telephone Labora-
tories and discusses some of the results

that have been obtained from analysis of the
first seven months of data. It concludes with

consideration of the radiation damage effects

that the environment can be expected to

produce.

DESCRIPTION OF THE EXPERIMENTS :_

The Particle Detectors

The experiments include tWo _detectors

which are designed to measure electrons and

low energy protons throughout the inner

Van Allen belt and a part of the outer belt.

_lJ_: :

403
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Both of the detectors are phosphorous dif-
fused silicon p-n junction diodes. A cross
section view of the detector construction is

shown in Figure 6-1. The active device is

KOVAR WASHER-\ /_-DIAPHRAGM

\\ / /-PLATINUM WASHER

SPACE-CHARGE \ / .--n-LAYER

REGfON-_
DIODE

INSULATOR -PEDESTAL

/-LID

KOVAR

SPRING ///"

WASHER /

_-GLASS BOTTOM

/-EPOXY R M

FmURE 6-1.--Cutaway view of the particle detector.

encapsulated in a transistor-like can to pro-
vide high reliability under varying ambient
atmospheric conditions. The entrance aper-
ture in the lid of the can is 2 millimeters

in diameter. The vacuum tight encapsulation
is completed over this aperture with a thin

Kovar diaphragm of approximately 6.5
mg/cm 2 surface density. This packaging has
provided long term stability to the device
characteristics, which are extremely sensi-
tive to changes in the chemistry at the sur-
face of the device.

The diode is operated under reverse bias
as a small solid state ionization chamber.

Figure 6-2 shows schematically its mode of

operation. There is a space charge region or
depletion layer adjacent to the extremely
thin (approximately 4 microns) heavily
doped phosphorous diffused surface layer.

DEPLETION LAYER

_NCIDENT p_tl

THIN n+ LAYER
/

.,GH
FIELD

METAL OR
THIN p_-LAYER

-V B BIAS
VOLTAGE

t

SIGNAL

FIGURE 6-2.--Schematic of detector operation.

The thickness of the space charge region de-
pends upon the reverse bias applied to the
diode, and at 120 volts, the maximum used
in the experiments, is about .3 to .4 milli-
meters. This region thus contains an electric
field of several hundred volts per centimeter.
An incident charged particle creates holes
and electrons as it passes into or through
this region, in a number which is propor-
tional to the energy that the particle loses
in its passage. These electrical carriers are

swept across the space charge region by the
electric field and constitute a current in

the output circuit. The integral of this cur-
rent, the total charge in a pulse produced
by a single particle, is then proportional to
the energy lost in the space charge region
by the incident particle. By pulse height
analysis of the charge pulses it is possible

to distinguish particles of different energY.
Because the penetration properties of elec:
trons and protons are very different at the

same energy it is possible to distinguish
these from one another in many cases.

The silicon diodes are capable of counting
at high rates, the collection time for holes
and electrons being the order of 0.1 _ sec.
The speed of the diodes combined with their
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small size makes it possible to carry out ex- that pileup of small pulses might be con-
periments on relatively low energy par- fused with protons. Although the electron
ticles with their very high fluxes in the-_n _ flUX is veryhighin the peak o_th_]nnerVan
Allen belt. _............ A:llen belt, par_icdlarly_sinCe the high: aiti-

-_ _:_::_-_:]!_i_:;:_q_-exploSlon of July 1962, ther6_:ho direct
rh, p,oto, D_,_,,o,(e),P,o,on, > 2.SM,_ evidence for an immense flux of eieciions

Figure 6-3 shows a cross section of the of about I00_ev _efie_gy. ......... ..... " :_'_

proton detector mount containing one of th% - The 6fi_pu[ pulse response-of the proton
encapsulated devices described above::P-a-r- detector to pr0t0ns Of different dne_gies is
ticles reach the device through anen_rance Shown in Figure 6"4. The pulse size is the

cone of 25 degrees half angle:and t_o_gh
an aperture 2 millimeters in diameter, '
matching the entrance aperture of t_he_'de-

tect0r encapsulation. The geometrlcaI_ _ - --
of the detector is 1.9X10 -2 cm _ steradians. __
Outside the acceptance cone the shielding of
the detector is sufficiently heavy to exclude ..... _"

protons of <80 Mev and electrons 0f <10 _
Mev. There is a magnet surroundlng the _

entrance cone which partiaily:_ex_Iudes eIec:
trons with energies of 300 kev and excludes
lower energy electrons with increas_fig- ef-
ficiency. At the time the detecto_as de-
signed it was thought there might be a suf-
ficiently high flux of such particles in space

FBONT VIEW

DETECTO_

POLEPIECE

i
EN_APSULATION

MAGNET
SHELL

FmuRn a-3._cr,,ss_sec:ti0n_;f the E detector mount.

12 16 20 _4 26

PROTON ENERGY iN MIV

FIGURE 6-4.--Pulse response of detector E for

protons at three bias levels.

charge collected in a single pulse indicated

on an energy scale corresponding to 3.6 ev
for a hole-electron pair. Line A of the figure

is a limiting line for which the output pulse
is just equal to the total proton energy.
Curves B, C, and D have been obtained from
measurements of the detector under three
different conditions of bias using protons of

up to 17 Mev from the Princeton cyclotron.
Such measurements permit determination of
the active thickness_of the device :as shown
on the curves. The aCtive thickness is ac-

tually a little greater than the space charge
thickness because electrons created just be-

yond the space charge region can diffuse to
the region and be swept up by the field. For
this reason the active thickness does not

quite increase as the square root of the bias.
From a knowledge of this thickness the re-

sponse can be computed at higher energies
than those for which it has been measured

and at energies lower than 3 Mev where the
energy of the cyclotron protons, degraded

by absorbers, is poorly known.

=
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The response at a single bias such as curve
D is double valued in proton energy because
higher energy particles pass through the
active thickness of the detector and leave less

energy than lower energy particles whose
range is nearly equal to this thickness.
Using differential pulse height analysis be-
tween the levels indicated by dashed lines
in Figure 6-4, observed pulses might be pro-
duced by protons in either a low or a high
range of energies. By changing the detector
bias, however, the double valued energy bands
shift and the ambiguity can be removed.
These bands are illustrated in Figure 6-5.

cause of the long range of such energetic
electrons compared with the .41 millimeter

space charge thickness of the detector even
at 110 volts bias. Electrons of about .5 Mev,
however, are stopped with relatively high
probability so that electron pulses at mul-
tiplicities of four or more cannot be ignored.

The Electron Detector (F), Electrons _ ! Mev

Figure 6-6 shows a cross section of the
electron detector mount. Electrons are ad-

mitted through a cone of 10 ° half angle with
an aperture 2 millimeters in diameter at its
apex. The effective geometrical factor of the

E 3

E 2

E

0 4 8

BIAS

....... 120V

20

5

t20V

20

5

0" I 120V

20

5

12 16 20 24

Ep IN MeV

FmUaE 6-5.--Energy bands of detector E response

at three biases.

With three detector biases and three dis-
criminator levels a total of nine observations

can be made. Curves B, C and D of Figure
6-4 at energies below their peaks differ from
Curve A because of the 6.5 mg/cm _ Kovar
absorber and the 1 mg/cm _ phosphorous-
rich n-layer at the front of the detector. In
addition there is a small loss in charge due
to the finite rise time of the detector pulses
and the pulse shaping of the amplifier and
there are small losses due to incomplete col-
lection of the hole-electron pairs produced
by protons because of trapping of the mobile

carriers in transit across the space charge
region.

The lowest discriminator level of the de-

tector is set at 1.8 Mev. The probability that
an electron of this or higher energy will give
a 1.8 Mev pulse is less than one in 10 '_ be-

DETECTOR

DETECTOR SHIELDI NG
ENCAPSULATION

F[(_URE 6-6.--Cross-section of the F detector mount.

detector is 1.5×10 -3 cm 2 steradians. Outside
of the acceptance cone protons of <60 Mev
and electrons <6 Mev are effectively ex-
cluded. Near the cone apex is an absorber
of 425 mg/cm-" aluminum. This absorber was

added to the original experiment after Injun
I, Telstar I, and Explorer XV had measured
very high densities of high energy electrons
following the nuclear explosions of the sum-
mer and fall of 1962. Many fewer particles
and a much less energetic spectrum had been

expected before that time. The absorber
pushes the energy response of the detector
upward and allows direct observation to be
made of electrons having much more dam-
aging consequences for satellite components.
Because of the nature of the energy loss

processes of electrons in solids, however, the
absorbers broaden an initial spectrum and
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as a result pulse height analysis of the de-
tector output does not permit sharp defini-
tion of the incident energy. This is _apparent

in Figure 6-7 which shows the efficiency for

0 0,5 1.0 1.5 2.0 2.5 3.0

INCIDENT ELECTRON EblERG _" IN Mev,,

FICUR_ 6-7. Eificiency of detector F for electrons.

electron counting into four pulse height
channels in response to monoenergetic elec-

trons up to 2.7 Mev. Pulse height channels
1 to 4 correspond respectively to .2 to .35,
.35 to .55, .55 to .75 and .75 to 1.0 Mev pulses
in the detector. At the highest energy in
the figure most of the electrons penetrate the
absorber and the difference in counting effi-

ciency is due primarily to the relative proba-

bility with which a high energy electron
deposits a small or major part of its energy

in the space charge region of the detector.

The D,etecto( Circuitry

The Block D/acjram

_=A b_ock diagram of the detectors and their
associated circuits is shown in Figure 6-8.

407

slA$ _SWITCI_POSITION INO_CATOa
0

[XpERIMIENT F O,20_._ 5 i

_WlTk ACSO

0 _5-O 7S

FIGUR_ 6-8.--Block diagram of Relay experiments

E and F.

Each of the detectors delivers pulses to a
low noise charge sensitive preamplifier which

gives an output voltage proportional to the
charge produced by a particle in the active
thickness of the detector. A linear amplifier

follows the preamplifier. In the electron
experiment, designated F in the complement

of Relay radiation - e_xPeriments, a second
amplifier provides extra gain for the most
sensitive electron channels. An array of
discriminators is supplied from each linear
amplifier. These in turn control logic units
whose function it is to determine the highest
discriminator that has fired in response to

a single input pulse. In the electron experi-
ment five discriminators deter'mine the edges
of four differential pulse height channels. A
high degree of selectivity is provided against

protons in this way since protons can give
much larger pulses than electrons and only
a very narrow range of proton energies can
give the small pulses that the discriminator-
logic chain of experiment F will accept. In

the proton experiment, experiment E, three
discriminators d_e¥_in-e-t_e _ges of two
differential channe_s_and-one integral chan-
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nel. The outputs of the four electron chan-
nels and the three proton channels are fed

to the State University of Iowa/University
of California, SUI/UCAL, commutator box
where they are multiplexed into storage reg-
isters in the telemetry.

The remainder of the block diagram indi-
cates the detector bias supplies and the var-
ious switching and monitoring lines. The
proton detector bias supply provides 120, 20,
and 5 volts to the detector in sequence. The
electron detector is fixed at a single bias of
125 volts. The proton detector supply is
monitored by the telemetry.

Linear Signal Shaping

To eliminate changes in the effective dis-
criminator level from base line shifts due

to changes in pulse repetition rate, the pulses
are double RC differentiated. The signal as
it appears at the linear amplifier output is
shown in Figure 6-9. The peak of the pulse

tR-_

°'geM-- _ txo = k2_zsEc
eM ---- tRE c = 5/.L SEC

eo/e M = o. 25

FmURE 6-9.--Linear amplifier output pulse shape.

is reached approximately 0.5 _ sec after its
start, the 10 to 90 percent rise time being 0.2

sec. The crossover time is 1.2 _ sec and
the over-all recovery of the double clipped
pulse is approximately 6 _ sec.

Discriminators

The discriminator circuit is based on an

emitter-coupled monostable multivibrator to
take advantage of the inherent compensation
of base-emitter voltage change with tern-
perature. All but one other voltage drop that

would affect threshold sensit!vity are elimi-
nated. That one adjusts the discriminator
threshold and is derived from a zero tem-
perature coefficient reference element. The
measured discriminator threshold is stable

within _+ 1 percent over the range from
--50 ° to +50°C.

The Legic Units

As indicated in the previous section, logic
units make the decision as to which is the

highest of several discriminators that have
fired from a single input pulse. A typical
arrangement is shown schematically in Fig-
ure 6-10. Each discriminator's output is

INPUT
PULSE

F_OM i
LINEAR I

oAMPLIFIE_ i OISC_IMINATO;_

FmURE 6-10.--Diagram of the operation of the

logic units.

trying to turn a logic unit on while at the
same time keeping the one below it from
turning on. This is accomplished by making

use of opposing input windings on the logic
transformer. Two additional windings on

this transformer (not shown in Figure 6-10)
are a part of a modified blocking oscillator

that produces the output pulse. The total
time from input pulse to complete recovery
of the blocking oscillator is about 10 _ sec.
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Packag|n 9

The detectors and their associated cir-

cuitry shown in block diagram in Figure
6-8 are packaged together in a single box.
The circuit blocks are constructed in a con-
ventional manner on circuit boards with

swaged feed-through terminals providing
component and wiring tie points on both
sides of the boards. In the final assembly, cir-
cuit boards are stacked as close together as

components will permit, with strips inter-
locking their corners to form a rigid "egg
crate" type of structure. The detectors are
rigidly mounted in the front of the box, be-
hind holes in the front face. The proton
and electron experiments occupy separate
compartments within the box for electrical

isolation. As a final operation, the box is
filled with polyurethane foam for vibration
damping. The whole box assembly is mount-
ed to the spacecraft frame with the detector

::: _i: axesL perpendicular to the spin axis of the

EXP A

SUI/UCAL

B

SUI/UCAL

C

SUI/UCAL

O

SUI/UCAL

E

BTL

F

BT L

C-t
D-t
F - I o,----,--_o n

!

I

I

B-2C-2
D-2 o--------o •
F - 2 o----.._-o

C-3
0-3
F- 3 o-.--m-_o I

!

I

I

E-1 0-----.---%.,
E -2 o-----_
E -3 o--------o •
F-4_ i

satellite. The detectors look out through a

: clearance hole in one of the honeycomb panels

comprising the satellite skin.

The Sequence of Measurements

There are seven storage registers in the

telemetry into which various outputs of the
BTL and SUI/UCAL experiments are fed
on a time-sharing basis. The multiplexing
is carried out in the SUI/UCAL commutator

box, Figure 6-11. In a scheme proposed by
McIlwain, rather than feeding pulses from
a detector to a register continually for sev-
eral seconds while the satellite spins, the

detector pulses are interrupted by a gate con-
trolled by a magnetometer. Pulses are stored
only while the axis of the detector is point-
ing within approximately ± 10 ° of the normal
to the local magnetic field. The angular

spread is measured in the plane of rotation

D \

o-..:
I
I
I

°'-4--.
I
!

b.

'---'0 B- I
--...-o B-2
,-,--o B- 3

,---o C- 1
-.--o C-2
.-.,-o C- 3

-.-...-o0-1
---o D- 2
..---o D-3

'---_ E- 1
•----.o E-2
----'o E-3

•---o F- 1
,---o F- 2
.-.,--..oF - 3
.---o F -4

I
I

I

...................... -J I !

I °
- _ POSITION I

L MAGNETO- BITS I CLO5ED 10 SEC_ In I I_

METER -'-'-I _ , ,

. _ GATING. 1 OPEN 2 SEC ....... j

• !
I I

CLOSED WHEN FIELD GOES THROUGH ZERO

FIGURE 6-11.--Commutation of the Relay radiation experiments by D. Enemark, SUI.

TO TELEMETRY
-- ACCUMULATORS
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of the detectors, Figure 6-12. In this way
an approximate measurement of directional

intensity of the particle flux normal to the
magnetic field line is obtained. This meas-
urement depends slightly on the angle _ be-
tween the spin axis of the satellite and the

00

FIGURE 6-12.--Angular orientation of a gated de-

tector. Measurements are made during rotation

through __+h.

magnetic field direction because of differences
in the relative particle directions that are
seen in a +-- 10 ° interval measured in the ro-

tational plane of the satellite.
The time sequence of the Bell Labora-

tories measurements is as follows. During
12 seconds of a 48-second period, each of
the four electron channels occupies a single

telemetry register, accumulating pulses in
that register for an elapsed time of 10 sec-
onds with approximately a 10 percent duty
cycle provided by the magnetometer gating.
The register is read each second and finally

with no pulses flowing into the register it is
read twice redundantly at one second inter-

vals for the final count. During this same

twelve second time, one of the four electron
channels (Fa) feeds into a fifth register

during the 90 percent of the time when
the magnetometer gate is blocking the flow
of pulses to the first four. The same final
redundant readout is provided in this case.

The three proton channels at one detector
bias occupy a single register for three suc-
cessive 12 second intervals in the 48 second

period. Each 48 seconds the bias is changed

during the remaining 12 second interval, so
that a complete sequence of proton measure-
ments occur_ every 144 seconds. The mag-
netometer gating and register readout are
the same as for the electron channels.

DATA PROCESSING

The Coordinate ' System

The energetic particles that make up the
Van Allen belts are trapped in the magnetic
field of the earth and have trajectories
which are controlled by the distorted dipole
shape of that field. It is essential to organize
the information concerning the trapped par-

ticles in a coordinate system that takes ac-
count of the properties of the field which
are constants of the motions of the particles.

Such a system, devised by McIlwain and now
quite generally adopted, is illustrated in Fig-
ure 6-13. A charged particle can be identified
in terms of the magnetic field line L around
which it spirals and the magnetic field in-

tensity B at which the pitch of the spiral
reaches 90 degrees and the particle mirrors
(labeled in Figure 6-13 as B_), McIlwain

has essentially mapped the irregular mag-
netic field of the earth onto a dipole magnetic
field which has the same first moment. In

this representation a field line is labeled by
L when it crosses the magnetic equator at a
distance L from the center of the dipole. In

the dipole field it is often convenient to utilize

another pair of coordinates R and _ which
are dipole radial distance and dipole latitude,
simply related to B and L. In this B, L, --R,
space the earth is not a sphere and the at-
mosphere does not have a uniform density at
a fixed R, a complication which has to be dealt
with in considering atmospheric loss of parti-
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FIGURE 6-13.--The B, L-R, X coordinate system.
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cles, for exampIe. However, in the B, L---R, X

space the motion of the energetic charged
particles is directly described, and measure-
ments made at different places in the geo-

graphic space about the earth can be properly
associated. The symmetry of the dipole field
allows the entire three-dimensional space

to be collapsed into half a meridian plane,
the coordinate of longitude having disap-

peared and north and south latitudes being
identical. In the analysis of the Relay data

this coordinate system has been used in a
variety of different ways.

Orbit Plots

The region in which the satellite has ac-
quired data on a particular pass or day is
conveniently represented in a trace in B, L
space, such as that shown in Figure 6-14.
In this log-log plot the equator, _--0 is a

£

2 3 4 5

L IN EARTH RADII

\

6 7

FIGURE 6-14.--A B, L plot of the points at which data were received on December 14, i962.
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straight line and all other dipole latitudes
are straight lines parallel to it. Lines of
constant dipole radial distance all have the
same shape and join the equator by defini-
tion at R -- L. The points in the figure are
points at which data was acquired on De-

cember 14, 1962 immediately following the
launch of Relay I. The arrow indicates the
direction of satellite motion and the point
spacing, except where there are obvious
breaks in the line, are at 48 second intervals,
corresponding to the time base on which the
multiplexing of the data takes place. A cross-
ing of the magnetic equator is a point at which
the orbit touches the X -- 0 line in this col-

lapsed coordinate space. The region to the
left of x ----0 is forbidden. The point spacing
becomes very small as the satellite ap-
proaches apogee since most of its velocity

is in geographic longitude, a coordinate

degenerate to first order in the B, L space•
As indicated in Figure 6-14, there were
data during the first complete orbit and
approximately half of the second orbit• The
irregularity of the magnetic field shows
up directly in the difference between these

two orbits which geographically differ by
approximately a 45 degree rotation of the
earth under the satellite. The lines at k -- 60

degrees and R ---- 1.13 and 2.3 earth radii
represent approximate extremes of the Relay
orbit in the B, L space. During the period
of precession of the latitude of apogee this
space is essentially completely covered by
the satellite. Figure 6-15 and 6-16 show
quite different orbital traces for which data
were obtained on January 27 and April 22.

Apogee has precessed from --2 degrees on
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0.10 _'.'_
I.
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FIGURE 6-15.--A B, L plot of the points at which data were received on January 27, 1963.
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Fz_aE 6-16.--A B, L plot of the points at which data were received on April 22, 1963.
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December 14 to +35 degrees on January

27 and to +19 degrees on April 22. Only
5 percent of the data which have been taken 1o4

from December 1962 through August 1963

exists at values of L <1.9. The high energy

electrons of the inner belt are strongly con- ,o_

centrated at L values between 1.2 and 1.7,
so that a rather sketchy coverage of the inner

O

belt has been made. ; ,o_

4, L Plots

In association with the B, L plots of the

previous section, it has been extremely con- _o

venient to produce plots of the flux (4) in
each of the detector output channels as a

function of L. Figure 6-17 shows such a

plot for the second orbit on December 14

(Figure 6-14) as the satellite moves toward

x = 0 at L _ 2.2. The data are for the three

• lOOV

+ 20V

o 5V

OEC 14

._:_ 0338 - 042_

"='k Xd°_

\ ,

2 3, 4

L IKI EARTH RAOII

F_cuag 6-17.--_, L plot of detector E on December
14, 1962.
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proton detector channels (experiment E) at ,o_

different detector biases. This figure will be
discussed in more detail. The data reduction

,o,
program which processes the data from the
original data tape supplied by Goddard Space

Flight Center provides checks on the con- _,o_

sistency of the data during the consecutive
readouts over the 10 second accumulation
period and during the final pair of redundant 3'°_
readings of the accumulated total. In the

process, it examines the possibility of over- ,o
flow of the storage registers and makes
appropriate corrections if necessary. The
program also checks on the consistency of
the time sequence of bias switching in the
E detector and on the absolute bias level at

each point.
Visual inspection of the results of the o,

data reduction displayed in computer plots
such as Figure 6-17 allows rapid evaluation o_
of the quality of the result. These plots also
provide a direct means for interpolating to

OA

obtain counting rates at specific values of L, _ oo,
or L coordinates for specific counting rates. _o._
At times when the satellite is moving through _ ....
L rapidly, as in places where the points are
far apart in Figure 6-14, interpolation is

0,0_

more difficult than in Figure 6-17 where the
points are closely spaced.

In the region between L = 3.5 and L = 2 °°
covered in Figure 6-17 the electron flux is
very low. This is the region of the "slot"
between the inner and outer electron belts.

Several passes during July 1963 produced
particularly nice illustrations of the divided
electron belts. One of these is shown in

Figure 6-18 for a pass on July 3. The data
are for channels F_ and F4 for the inbound
pass shown in the B, L orbit trace in Figure
6-19.

_, B Plots

Because the data is sparse in many parts
of B, L space, another procedure has been
adopted to utilize all the data that exists in
devising flux distributions. This involves

collecting all the data in a particular small
range of L over a period of as much as a
month or even longer and carrying out a
least-square fit to determine the time depend-

t
1

t

• ta I

- , _

2

[ JULY 3 !

1413 _459

/ -

/?, _
4 5

C IN EARTH AADIt

FmUR_: 6-18.--_b, L plot of detector F on July 3, 1963.

' \

L IN EARTH II:IADII

FmURE 6-19.--B, L plot of data points, July 3, 1963.

ence and the B and L dependence of that
data. The time and L dependence can then
be removed and the data displayed as flux
vs. B for a particular value of L, usually one
of the limiting edges of the originally chosen
L range. A typical result of this kind is

shown in Figure 6-20 for electrons of chan-
nel F_ for the L range between 1.5 and 1.6
for the month of July. The left-hand part
of the figure shows the data as collected be-
fore carrying out the functional fit. The
right-hand part of the figure shows the same
data but now with all points functionally
transferred to L _ 1.6 at the beginning of
the month. The principal reason for the
scatter in the original display is the strong
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FIGURE 6-20.--_h, B plot with functional

interpolation.

L dependence of the electron flux in this re-

gion of space. All of the points result from
just five passes through part or all of the L
range during July. The corrected points
show no flux maximum except close to the
equator which at L _---1.6 occurs at B = .076
gauss. The flux variation with B is well
represented in this case by a simple power
law; a straight line on this plot with slope
of -3.5. This procedure for producing @,
i9 plots is a reliable one for small ranges of
L. However, the variation of the 4,, B slope
with L is itself often substantial, and func-
tionally fitting a wide L range must be done
with care.

The Measured, Directional, and

Omnidirectional Flux

As described previously, the counting
rates that are measured are approximately
those due to particles with velocities per-
pendicular to the local magnetic field, and
thus particles that are mirroring at the B
of the satellite. This is only approximately
true because of the finite acceptance angle
of a particle detector and because of the
finite angle through which the detector ro-
tates during the time of measurement. The
maximum in ¢ vs. B usually occurs at the

equator, as for example in Figure 6-19, and
only occurs off the equator for a short time
after some anomalous injection of new par-
ticles such as those added by a high altitude
nuclear explosion. The normal condition leads
to an angular distribution of particles at any
B which is peaked at a particle pitch angle
= -----=/2. That is, the maximum particle flux
is perpendicular to the field line at all points
along the field line. In this case the finite

detector aperture and the finite rotation
during measurement always produce a meas-
ured flux less than the flux perpendicular to
the field line. The more sharply peaked the

angular distribution of the particles is
around _----,r/2, the larger is the reduction

in measured flux, @.... compared with the

flux at _ = =/2, @ (_/2) = @..
The relationship between @,, and @__ has

been computed for the two detectors of the
BTL experiment and is shown in Figure
6-21. The angular distribution of the par-
ticles has been assumed to be sin% where n
takes values between 1 and 64. The abscissa

in the figure is gamma, the angle between the

spin axis of the satellite and the local mag-
netic field (Figure 6-12). As expected, for
large values of n, @,,,/@, decreases, and most
severely for the larger detector aperture.
The gamma dependence is quite small for

_,j_ = 25 ° (because the rotation during

1,0 i

O.8_0.6 "

l

0.8 .......

0.6

0,4
0 15 30

._Nn _. n =

I I ]"-,8 X_: ,o0

n=

" "_ ,8_:_"_a
_I 6

45 60 75 9u

--64

FICURE 6-21.--The ratio O,,,/_±for the two

detector angles.
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measurement is small compared to the de-
tector angle) and only amounts to 20 per-
cent between _ = _/2 and _ = 0 for n = 64,
a very sharply peaked distribution.

The omnidirectional flux at a given B is
related to ¢± by the integral

B .... 61 (B1) dB1¢omnl(B) = 2_'B B1 --" B
/B B_ V1--B/B_ (6.1)

where the upper limit is the maximum field

at which 6 has a nonzero value. If ¢ L is a
power law in Bo/B, where Bo is the-equa-
torial value of B.

then

_omni (B) = 2/I" __l_ (B) (| ym dy

) V 1-y
B/Bm=,, (6.2)

where the substitution y = B/B1 has been
made. As long as B/Bm,. is small, the omni-
directional flux will have the same B de-
pendence as _±. Assuming that the lower

limit is zero, the integral is dependent on n,
but independent of B. The assumption only

appreciably affects _om,l at low values of
flux. Combining this integral with the cor-
rection factors of Figure 6-21 which gives

the 6 ,. flux from ¢,, the measured flux, one
can deduce the omnidirectional flux in terms

of ¢ .... The calculated relationship is shown
in Figure 6-22 for the two detector angles,
for the extremes in gamma, and as a func-
tion of n, where Cj_ (B) _ 1/B "/2 correspond-
ing to the local directional flux ¢(a, B)
sin"_. In a uniform angular distribution of
particles n = 0 and the ordinate of the figure
equals 1, the measured directional flux being
just 1/4_ as large as the omnidirectional

flux. For values of n from approximately
3 to 10 the measured flux needs to be mul-

tiplied by approximately 2_ to obtain ¢o_.1.
These corrections, or similar corrections de-
vised from the integrals without the sin"a

assumption, can in principle be applied

direct!y by - the oc0mputer oto the measured
results to obtain an omnidirectional flux or

to compute _z_. This step can be done rig-
orously if the measured flux is known over
a sufficiently wide range of B. It can be done
approximately if more limited measurements
exist. The computer program for this trans-
formation is not yet complete.

1.0

o.e,

o.ol

0.4

0.2

6(a)_ ao

SIN n

(_r/2, B),-_ l/E}n/2

4 6 10 20 40 60 100

rl

FIGURE 6-22.--The ratio _ ...... 1/4574_m for the two detectors.
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RESULTS

Protons

A number of observations concerning the
proton spectrum can be made by inspection
of curves such as those of Figure 6-17 in

conjunction with the energy bands of de-
tector response in Figure 6-5. First, there
is very little difference between E1 at 5, 20,
and 120 volts bias, particularly at L values
below 1.5. The same is true of E2 between
20 and 120 volts. Since the higher energy
segment of the E1 response (Figure 6-5) is
very strongly modified by bias, one concludes
that protons below 4 Mev are dominating the
the E, counting rate, and protons below 5 Mev

are dominating the E2 counting rate. Second,
E1 exceeds E2 and E2 exceeds E3. This again

argues for a spectrum heavily weighted at
low energies because the size of the energy
interval of measurement in E3 at 120 volts
exceeds the low energy interval in E2 and
El. Third, at the large values of L, E2 and

E._ decrease more rapidly than E,. Thus the
spectrum is getting progressively richer in
low energy protons. In spite of the fact that
the low energy portion of the E, response is

dominating, there is an increase in the E,
counting rate with increasing bias in the
region between L----2.7 and 3.5. This can
only be due to an increase in the efficiency
of collection of hole-electron pairs produced
by low energy protons in the increased elec-
tric field of the junction at higher biases.
This emphasizes the importance of the lowest
energy end of the sensitive energy region
because of the increasing dominance of very
low energy protons at larger L values. This
effect is indicated in a slightly smaller low
energy edge to E, at 20 and 120 than at 5
volts bias. A similar effect to a lesser extent

is apparent in E2 at 20 and 120 volts.
Flux maps of protons have been con-

structed by interpolation in the _, L plots
for December and January as discussed in
another section. Two of these plots of 6,n
for E, and E_ are shown in Figures 6-23
and 6-24. In all cases in these contours the

particle flux decreases with increasing B

along any L line, consistent with the assump-
tions as described in the previous section.

These plots can thus be corrected to ¢__ using
the results of Figure 6-21, with corrections
which are at most 20 percent. There are no
data points plotted for E_ below L = 1.4
because electron pile-up dominates the pro-
tons in this region. This is clearly evident

as a very rapid rise in the E_ counting rate
as the maximum of the inner belt electron

distribution is approached. A similar effect
does not occur for E3. The contours con-
sequently are much better determined at
their low altitude equatorial crossing for E3
than for E,.

The maximum in intensity of the two
proton groups occurs at different equatorial

L values, the highest energy group (5 to 8.6
Mev) at about L----1.95 and the lower (2.5
to 3.8 Mev) at about 2.07. This agrees with
the general trend of the proton maximum
for much lower and much higher energy par-
ticles. At L values >2.1 the low energy par-

ticles always dominate. At lower L values
the opposite is true.

The data for E, starting in February and
March show very significant changes from
December. There is a drop in the E_ 5 volt
counting rate which in April is as much as
a factor of 6 in the region around L = 2.2.
The drop in E_ 120 volts is o_ly about a
factor of 2 in the same time. The detector

is suffering from radiation damage produced
by low energy protons. The very large num-
ber of particles to which the detector was
exposed in the energy range of E_ and the
very high damage rate per particle at these
low energies makes E, the most susceptible
to this damage effect. Hole-electron pairs

are produced as before by incident particles.
However, many of these mobile carriers are

trapped at structural damage defects as they
are being swept across the space charge re-

gion. Ultimately they complete their transit,
but at a time much longer than the pulse

shaping times of the detector circuits. Effec-
tively the collected charge pulse is smaller
and does not meet the discriminator require-
ments of channel E,. The smaller effect in
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FICUR_ 6-23.--B, L flux map for 2.5-3.8 Mev protons, December 1962 to January, 1963.

Et 120 volts is due simply to the higher elec-

tric field which sweeps the carriers through
the region of severe damage more rapidly

and thus with less trapping loss. E3 shows

very little change over the seven months

from December through July. The particles

which it detects penetrate much more deeply
into the ddtector and create hole-electron

pairs out of the region of severe damage.
Thus the collection loss suffered is much
smaller.

A calcuIation is in progress to evaluate

the details of the damage effect from the

particle exposure of the detector, the energy

dependence of damage in silicon, and the
electric field distribution in the detector.

Qualitatively the results are in agreement

with this simple model of the process. It is

unfortunate that the available data during

December and January is too little to permit
more detailed observations oi: the lowest en-

ergy protons before the detector damage

was substantial. It is planned to acquire

data from Relay II concurrently with that

for Relay I. Hopefully, this will permit re-

calibration of the Relay I detectors and help

provide an understanding of events during
the intervening months.

Figure 6-25 is a flux map made by inter-

polation in data of June and July organized

in _, L and ¢, B form. This map differs

appreciably from that of Figure 6-24 made

from December and January data, particu-

larly at higher L values. There are appar-
ently more particles at the later date. The

detector is an obvious possibility, but the

sign of the change is puzzling for it. The

effect can be described by a downward shift
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Fmu_ 6-241--B, L flux map 5.0-8.6 Mev protons, December 1962 and 3"anuar_j 1963.

of the third discriminator level so that E_

includes lower energy protons. Such a down-
ward shift requires an effective increase of
gain in the system which is certainly un-
•expected. The change in proton flux may be
real, but such a conclusion will certainly re-

quire substantiation by other observations.

The energy spectrum of protons varies in
a complex way with L and B and is still un-
der investigation. Some preliminary results
for the region L _-_2.2 are shown in Figure
6-26. Choosing differentia] energy spectra
of exponential or power law form, the rela-
tive counting rates in different channels

'permit a choice of the e-folding energy or
the power of the power law. Nature, of

.... course, is not constrained to these particular

mathematical forms, but they provide a use-
ful scale for expressing the approximate en-

419
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ergy distribution.
Exponential spectra seem to be more con-

sistent with the limited data which have been

examined than power law spectra. Figure
6-26 indica-te-s the e-folding energy, _0, ob-
tained for different ratios among detector
channels at different B and L values. The _o
values from one detector ratio at one B and
L value are determined from statistics. That

is, at each point the observed counting rate
ratio is modified to high and low extremes
on the basis of one standard deviation in

the actually observed counts in the two chan-
nels. In general the determination from the
various ratios are reasonably consistent al-

though they do not always overlap. The _
values clearly increase as L decreases (the

spectrum gets harder) and increase as B
increases on a given L line. A representa-
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FIGURE 6-25.--B, L flux map 5.0-8.6 Mev protons, June and July, 1963.

tive value is the order of 1 Mev. The in-

crease with L is immediately evident in
Figure 6-17. The increase with B is evident
in examining the flux maps of Figures 6-23
and 6-24. The magnitude of _o joins quite
well with the values obtained by Davis for
still lower energy particles.

Electrons

Figure 6-27 is a flux map for electrons
from Channel F_. The contours are of equal

counting rate, Cm. The inner belt has been
constructed combining the available data
from December through July. The data are
quite consistent over this time. If there have
been changes in the region L----1.7 and be-
low, they are not larger than 30 percent.
The outer belt on the other hand is highly
variable and the data used in drawing it are

from the middle of July. Figure 6-28 shows
the time variations observed from December

through July at an L of approximately 4.5
for B < .1 gauss. The variation of ¢,,, with
B is small in this range as shown in Figure
6-27, and no attempt has been made to cor-
rect it. The maximum intensity from the
outer belt over the period is <3 X 104
counts/cm-" sec steradian. As is evident in

Figure 6-28 there have been many rather

long periods in which no data have been tak-
en, so that larger excursions of the outer
belt could have occurred and been unnoticed.
The "slot" between the inner and outer belts

has been very deep (Figure 6-27). The

particles introduced into it in July and Octo-
ber 1962 had largely disappeared by the
time of the Relay I launch.

The electron spectrum and the absolute
electron flux are closely connected through
Figure 6-7. From observations like those
of Figure 6-18, comparing the lowest and
highest electron channels with one another
in both the inner and outer belt, it is clear
that there is no dramatic change in the
spectrum involving electrons of 1.0 to 1.5
Mev. It is in this energy region that the
detector is capable of distinguishing differ-
ent spectra. If a large part of all the elec-
trons above 1 Mev are below 1.5 Mev, then

the ratio of the counting rates of F_ and F_
will be very large. The data show this is not
the case. The ratio is between 8 and 10,

approximately the value to be expected in a
fission-like electron spectrum. It can be con-
cluded that in the 1 to 1.5 Mev energy range
the spectrum is as hard as a fission spectrum.

The absolute efficiency for channel F_ for
a fission-like spectrum is .032 for all elec-
trons above zero energy. Applying this factor
to the counting rate of the maximum contour

in Figure 6-27 (6 X 10 _ counts/c m2 sec ster)
the flux ¢,,, is found to be 1.8 X 10s elec-
trons/cm _ sec ster. In the region of the

maximum contour the _, B slope is approxi-
mately --8. Using the appropriate factor
read from Figure 6-22 (at n ----16) the ore-
nidirectional flux of the maximum contour
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2 4

is determined to be 7.2 X l0 s electrons/cm 2

see in quite close agreement with previously

taeaSUred values. To specify a flux above 1

Mev (rather than zero) the counting rate

of F_ is to be multiplied by 14.

"R, X Flux Maps

-_Because the R, x space is more easily vis-
:_ilzed, the B, L flux-map':of Figures 6223,

6±251, and 6::27 h-dv_ been transformed into

R_:X space=_-s_-29, 6-30, and 6'31

The:F a-re contours oY directional flUX. The
omnidirectional flux can be derived for them

to a good approximation for the higher con-

tours by applying factors of 6.5 for the pro-
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0

tons and 4 for the electrons. The electron

map is now shown in flux rather than count-

ing rate, using the efficiency discussed in

the previous section.

IMPLICATIONS FOR RADIATION DAMAGE

TO SOLAR CELLS

Damage Equivalence

It has been convenient to measure radia-

tion dan_age in solar cells in terms of an

equivalent flux. This flux is the flux of 1

Mev electrons normally incident on a given

type of bare solar cell which will produce

in that type of cell the same degree of dam-

age as some other particle or spectrum of

................... : :" ..................... t-; _-_:-_-r.-:
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FI(;URE6-27.--B, L flux map for electrons, December 1962 through July 1963. The contours
are of equal counting rate.
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FIGURE 6-28.--Flux vs. time at L : 4.5, B < .1
gauss, December 1962 through July 1968.

particles incident in some specified orienta-

tion with some specified shielding. Figure

6-32 illustrates the damage equivalance of

different monoenergetic protons arriving in

a uniform omnidirectional flux on a heavily

back-shielded n-on-p solar cell. The curves
show the no-front-shield case and various

typical shields. It is apparent that the dam-

age effectiveness at low energies rises steep-
ly. Particles below 5 Mev can be removed

by relatively thin shielding, but for un-
shielded solar cells the high density of low
energy particles in space provides a severely
damaging environment.

Low Energy Proton Damage

Figure 6-33 shows the integral Of the
2.5-3.6 Mev proton flux encountered by Re-
lay in the first few days in orbit. The first
orbits have been integrated in detail and

show a step structure associated with pas-
sage of the satellite through the maximum
of the low energy proton distribution on
each orbit. These steps correspond in time
with the rapid changes in solar cell output
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FIcu'_: 6-29.--R, A flux map for 2.5-3.8 Mev
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protons, December 1962 and January 1963.

2.6

observed by R. C. Waddel* of Goddard
Space Flight Center on unshielded devices.

The position of the satellite in R-A space
during the first orbits is shown in Figure
6-34. Comparing this figure with the R-_,

flux map of Figure 6-29, the grossly varying
flux exposure is evident. Beyond the first
day in orbit the steps on a logarithmic scale
become too small to distinguish and the daily
accumulated total is plotted.

Figure 6-35 shows the exposure per day
over a much longer time. As apogee precesses
fr6m_near|y at the_equafor at _nch _
to its northern extreme, the satellite spends
less and less time in the maximum of the

proton::distm_on and the in'dent flux

decreases by a:factor of abdh_-5. The pattern

is repeated as the latitude of apogee returns
to the equator and goes to the southern ex-
treme. The two extremes are different be-

cause of the assymetry of the earth's
magnetic field.

An omnidirectional flux of protons in this
low energy range has a damage equivalence
of about 6 X 103 1 Mev electrons for n-on-p
solar cells (Figure 6-32). Thus at the end of
1 day the exposure of Figure 6-34 amounts
to approximately 2.4 X 10 '4 equivalent 1
Mev electrons/cm _. This is considerably
smaller: than Wadders observed damage

rate, but still lower energy protons need to
be included. By extrapolating the proton

*See Chapter 8, this report.
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FICURE 6-30.--R, X flux map for 5.0-8.6 Mev protons,
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June and July 1963.

IN _ARTH _DII

FICURE 6-31.--R, k flux map for _ 1 Mev electrons.

spectra of Figure 6-26 downward in energy

and only including protons of 1 Mev and

above, the equivalent damaging flux is in-

creased by about a factor of 10.

Electron Damage

The low energy protons do not matter for

damage in the main power plant of Relay I

or in any but the unshielded damage meas-

uring cells. In the 30 and 60 mil glass

shielded devices electrons and higher energy

protons are contributing the damage. Fig-

ure 6-36 is a daily exposure plot for electrons

>1 Mev. The phase of the maxima and

minima are interchanged with respect to

those of Figure 6-35. The satellite spends
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_F-muRZ 6-33. The integral exposure of the satellite
FmURE 6-32.--Damage equivalence of protons to 2.5-3.6 Mev protons during the first few days

on n-on-p solar cells, in orbit.

the greatest amount of time in the region - periments: to T. M. ]_uck, G. It. Wheatley

of the high intensity iof the inner belt(a-tiff - a-rid J. W. Rodgers who fabricated and me-
the outer belt) when apogee ]s near an ex- ticuiously tested the particle detectors; to

treme of latitude. When apogee is on the E.W. Thomasan_G. ]3. Miller who played
equator the satellite almost skirts theinner major roles in the clreu_t development; to
belt. The average exposure of t_e satellite G. Skewis under whose energetic direction
to electrons _1 Mev over a period of months Branch Shop 3 carried out the mechanical
is approximately 8 _ 10U/cm_day. The dam- construction; to Mrs. W. L. Mammel and
age equivalence of fission-spectrum electrons J.D. Gabbe who have been heavily consulted
for 60 miI glass shielded n-on-p solar cells in the reduction of the data; to B. M. Berry
is approximately 0.8. Thus the electrons are who is studying the radiation damage prob-
contributing the equivalent of about 6 X 101] lem ; to W. M. Augustyniak, and to A. Eman
1 Mev e/cm: day, somewhat less than half of Princeton University, and K. A. Wright
the total damage observed by Waddel. Pre- of M.I.T., who carried out the detector cali-
sumably protons in the vicinity of 20 Mev brations; to C. E. McIlwain of the Univer-
are responsible for the remainder. The maxi- sity of California and D. Enemark of the
ma of the electron exposure have a period State University of Iowa whose concept and
of about 145 days (half the period of pre- execution of the logic of the experiment has
cession of apogee) and there is a small sec- been invaluable; to D. M. Brown of Goddard
ond harmonic contribution as well, apparent Space Flight Center whose efforts as project
in the dip at the northern apogee extreme, coordinator kept the project moving; and to

W. Rosenzweig whose work in radiation
ACKNOWLEDGMENTS damage of silicon solar cells has been used

We are deeply indebted to a Iargenumber in drawing the implications for Relay radi-

of people who have contributed to these ex- ation damage.
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FmCaE 6-35.--Daily exposure of Relay I to 2.5-3.6
Mev protons from launch through the first 8
months of 1963.
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months of 1963.
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Chapter 7

Relay I Trapped Radiation Measurements

- _
The spatial dependence of the intensities of geomagnetically trapped electrons

with energie s greater than 0.45 Mev and of protons in four energy ranges have been

measured in the region within radial distances of 1.2 and 2.3 earth radii. /_.r_,_)

/7-

INTRODUCTION

A set of four particle radiation detectors
was designed and constructed at the State

University of Iowa* for flight aboard the
Relay satellite. As was originally planned,

the reduction and analysis of the data result-
ing from the successful launchings of the

Relay I and Relay II satellites are now being
performed at the University of California at
San Diego. This paper is based upon a par-

tial analysis of th__afned by Relay I
during its first- yeiir [_ _Sr_.- ...............

The principal-o]Sjeetive of obta_nTng a
description of thaf_)a_%f the- pa_adia-
tk)n en vi ron meiit-_'Nu ce-_adi a -
ti0n damag-e-has been met des_7_-the fact

that some o_[_t_-e_de_s were- t-hemselves

damaged_[_y the part_ic!es whlc-h they were
measuring" -- _.

---_ RADIATION DI_rl_'i"_I_'YSY[M

The identification of parltY-as protons

or electro ps__F_-_o_l_c_ with a high
degree of sucCess witch the detectors them-

selves by jud_cmu_-'_homes of sensor (s_ze
-and type), _[e_ectdi;-shieldifig_ and proper
choice of electron discnm_%ve]s. Once
particle typeis determined, the-particle in-
cident energy should be classified according

to magnitude.

- - 429

All the detectors pro_luce a quantity of

charge relatecl _0Fhe energy lost by the inci-
dent particle in the sensor. Two of the sen-
sors are of the solid state type and two are

scintillation crystals mounted on photomul-
tiplier tubes. In the solid state detectors,
designated here as B and C, the charge pro-
duced at the output is linearly related to
the energy lost by the particle in the sensor.
The charge output of the scintillation crys-

tals, here designated as A and D, is also
related to the particle energy lost in the sen-

sor but not always linearly.
To avoid difficulties due to variations in

the capacitance at the sensor output, the in-

put amplifier was designed to respond to the
charge generated by the sensors rather than
the voltage. At the output of these amplifiers
a voltage pulse is present related to the en-

ergy loss in the sensors. Since the energy
loss as a function oft-_Cefiei_gy of the inci-
dent particles can be both-measured and
calculated, the energy spectrum analysis is

reduced to a voltage pulse height analysis.
Other electronic blocks common to each

*Fillius, R. W., Satellite instruments using solid

state detectors, SUI 63-26 (State University of

Iowa Master's Thes_s, 1963). Enemark, D. C., Elec-

trical design of the radiation effects experiment for
the satellite Relay SUI 62-16 (State University of

Iowa Master's Thesis, 1962).
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detector are: a delay line inter-stage net-
work to clip the pulses to a length of .25
t_sec, a voltage post amplifier and voltage
amplitude discriminators. The amplitude
discriminators form the input circuits to
pulse height analyzers for each detector.
Since analyzers for each detector are some-

what different they will be described indi-
vidually. Photographs of Detector A and
the B-C-D detector complex are shown in
Figures 7-1 and 7-2.

The B, C, and D detectors are direction-
ally sensitive with the consequent need for
the knowledge of magnetic field orientation
for good intensity measurements. Detector
A however is an omnidirectional detector

whose response is independent of the field
orientation.

The systems design is governed by the
dynamics of trapped particles in the earth's
magnetic field. The particles are constrained

to travel in approximately helical paths
about the lines of force. The angle _ which
the particle velocity makes with respect to
the field line varies with the magnitude
of the magnetic field B along the field line

¥

FmURE 7-1.--Relay I omnidirectional detector A.

according to the equation sin2_ = B/B,,
where B,,_ refers to the point _ = 90 °. The
angular distribution about the field line is

almost always such that the peak intensity
occurs in the plane perpendicular to the field
line, i.e., at _ -- 90 °. The magnetometer
gating is arranged so that counts are ac-

cumulated only when the detectors are point-
ing perpendicular to the field line. The com-
plete angular distribution at any point can
be obtained by obtaining the dependence of
the intensity at _ = 90 ° upon Bm and using
the equation sin2_ = B/B,, to transform this

dependence upon Bm into the _ dependence
at the desired value of B.

Since the peak intensity occurs normal to

the magnetic field lines it is only necessary
to determine when the field component along
the detector axis is zero and arrange to turn
on the detectors for an interval during which
the rate is relatively constant. Previous
measurements at 920 km have shown the

angular distribution to be symmetrical about
the normal plane and the intensity to vary
less than 10 percent over 10 degrees on either

FIGURE 7-2. Relay I B-C-D directional detector

complex.
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side of the peak. At Relay I altitudes the (Figure 7-3) that the basic clock frequency
variation is expected to be even less. From (1152 cps) of the encoder and a sub-commu-

this then it is seen that if the detectors are _t_r advance signal are provided by the
turned on about 10 degrees ahead of the encoder. The clock signal is gated on (not
zero crossing of the field and turned off shown explicitly in Figure 7-3) at the same

about 10 degrees after zero crossing, a good -
measure of the peak intensity can be made..--

Relay I spins at approximately 2.7 rps = - _____ |* °
in a known sense. The detectorgating was _ J__.,< .......o,

achieved by placing an ac coupled flux gate _ _. _ ]',

magnetometer about 13 degrees ah_a_d of _ ',_ __,_,, ,_ ...... _o
the detector axis in rotation. At--Z_i_b--iic <r_-I_r:_._ <, _--m-, i

field crossing along _e- magnetometer axis, - __ __,_a turn on signal is generated which allows
the-detectors to accumulate counts £or_E_e I
fixed interval of exactly 24 =satellite clock °' _ :l '"_

pulses, after which the dCcec_ors are gated
off. With the satellite clock rate of I152

pulses per second, the on time is 0.021 seconds
or about 19 degrees of revolution. The num-
ber of clock pulses during each active inter-
val is counted to provide an accurate meas-
ure of the total time of dat£ accumulatl6n-. FmURZ 7-3. Radiation detector system block

When the spin axis of the satellitehappefis diagram.

to be aligned with the field line and the de-
tectors are always in the normal pTa-_d,
no'ac field variation is seen by the-_- time the detector outputs are sampled and
netometer. Whenever the ac field variati6n fed to an accumulator in the encoder to pro-

has not gone through zero for one s_ vide a direct measure of detector live time.
a free runnning multivibrator (at-_ nom- Detectors E and F shown, which are chan-
inal spin rate) is started to Operate the mag- neled through the same subcommutator, are
netometer gating circuitry and produ(e an from a separate experiment performed by
identification bit for transmission to indicate

that it is in the special mode. The condi-
tions necessary for this special mode have

been met in flight but it is a rare occurrence.
In addition to the magnetometer gating

scheme a large amount of sub-commutation
is needed for the radiation experiments be-

cause only seven accumulators are available
for=all the outputs. Whenever possible all of
thfi outputs of a particular detector are ex-
amined at once to allow a direct measure of

the particle intensity in each energy incre-
ment during the same time interval. The
accumulators and data conditioning system
are both in the encoder and are not an inte-

gral part of the radiation experiment. It
can be seen from the overall block diagram

Bell Telephone Laboratories. They will not
be discussed here.

The subcommutator advance signal from
the encoder has a period of twelve seconds,
two seconds in one state and ten seconds in
the other. In the ten second state the ac-
cumulators are free to register counts each

time the detector outputs are gated on by
the magnetometer signal; in the two second
state the accumulators are read out. Signal

M is the gate from the magnetometer cir-

cuitry. It is in one state for 24 clock pulses
(about 0.021 sec) and in its complement
state M for the rest of the period (about

0.179 sec) when it is used for a background
measurement on B3, C3, D3, B4, C4, and D4
each at different subcommutator cycles. The
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term "background" is used to designate the
counts accumulated when the detectors are

not looking at the peak iritensity.
It should be noted that with the exception

of detector A, all detector analyzer outputs
are fed to the sub-commutator where they
are switched to the accumulators one detec-

tor at a time. These accumulators are read
out once a second while counting for ten
seconds, then inhibited and read twice, then

reset for the next detector. By rejecting the
data in which the two final readouts do not

agree, the probability of an erroneous read-
ing produced by transmission noise is re-

duced to a very small value (in practice, very
few errors in over 105 readings have been
discovered). Detector A is permanently con-
nected through its driver to an accumulator
which is read out every second but is never
reset. Accumulator overflow is detected dur-

ing data reduction. The remaining lines
shown are information signals for transmis-
sion ; vis.,

1. Two identification bits to indicate sub-

commutator position.
2. One identification bit for magnetometer

gating circuit mode.
3. One analog channel, sampledl once a

second, which time shares on equal basis

between the sine wave output of the mag-
netometer and on an identification bit to

indicate which of the alternate outputs of
the analyzers is in use.

4. Two identification bits from the Bell
Telephone Laboratories experiment.

In the detailed discussion of the detector
parameters which follows, it will be con-
venient to consider them in the order of in-
creasing complexity associated with their

energy analyzing system.
The measurements of the magnetometer

signal can be compared with the computed
magnetic vector to derive the orientation of
the satellite spin vector. Shortly after the
launch of Relay I, the spin vector was as-
certained in this manner to be within 4

degrees of a declination equal to --69 degrees
and a right ascension of 125 degrees on the
celestial sphere.

Detector A Characteristics

Detector A is primarily an omnidirectional
35 to 300 Mev proton detector but with some
sensitivity to high energy electrons. The
sensor is a 0.932 cm diameter sphere of
National Radiac Sintilon plastic scintillator

optically coupled to the phototube through a
conical light pipe (see Figure 7-4). The

PHOTOTUB

INSULATOR

LIGHT

DOME0.576 g/cmZAl

DOME0 727g/cmZAI

FIGURE 7-4.--Detector A scintillator mount and

shielding.

height of the light pipe is chosen to place
the center of the sphere at the center of
the two concentric hemispherical aluminum
domes so that particles entering from the
front and sides will see the same amount of

shielding; viz., 1.30 g/cm 2. This shielding
thickness stops all protons of energy less
than 34 Mev and electrons less than 2.7 Mev.

One amplitude discriminator is placed at

the amplifier output with pulse height set-
ting corresponding to the integral energy
spectrum end point of Co 6°. For the scintil-
lator's size and type this setting represents
an energy loss in the crystal of approxi-
mately 1.0 Mev since the most important
photon physical process at this energy is
Compton scattering. Consequently, the de-
tector proton and electron thresholds are 34
Mev and 3.7 Mev. In the proton case it is
evident that the shielding thickness is the

dominant parameter for setting the energy
threshold. For the electron threshold the

electronic discriminator level must be known

accurately also.
An experimental measurement of the pro-

ton energy threshold was performed on the
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University of Minnesota linear accelerator

and was found to be 35 Mev to an accuracy
better than 3 percent. Direct electron thresh- c
old measurements could not be performed
because of the lack of a monoenergetic high
energy electron source.

Detector D Characteristics

Detector D is primarily a directional elec-
tron detector with some _ensit_v]ty to pro-
tons. The sensor is a cylinder Of Scintillon
0.254 cm diameter and 0,2_iCrn _n height.
It is optically coupled to _flae pho_0tube
through a glass disc (see Figure 7-5) to

=::7_ _' SHIELDING

PHOTOTUBE

GLASS DISC-

004 glcm2 AI FOIL 27 °

= FIaURE 7-5.--Detector D scintillator mount,

_ shielding and aperture.

provide an additional 0:8i g/cm _ Of shielding
in thebadkward .................. _:: :..... d_rectmn. A mmlmum of
1.07 g/mc 2 of platinum shields the crystal

from the forward direct!on except for a
circular entrance area of 1.37 X 10 -_ cm 2.

Particles entering the scintillator from the
forward direction must penetrate 0.048
g/cm _ of aluminum foil after passing through

a 27 degree conical acceptance aperture.

From the parameters of shieId!ng and en-
trance area, solid-angle product along with
the geometric factors, G, are listed (see
Table 7-1).

Several features of the above-list should be

explained. The transition between the two
values for geometric factor occurs when the

range of incident particles exceeds the 1.07
g/cm _ of platinum. For particles greater
than this range the sensitive entrance area

TABLE 7:1

Electrons Protons

9.3_ X:[O-s cmt-ster 0.20 to 3.0 Mev 5.0 to 20 Mev

8.80XI0 -s cm2-ster greater than 3.0 Mev greater than 20 Mev

!

expands to the full diameter of the cylin-
drical scintillator. Fortunately, both electron
and protons intensities fall rapidly with in-
creasing energy in the trapped radiation

allowing the use of G -- 2.38 X 10 -3 cm2-ster
alone to a high degree of accuracy.

Four amplitude discriminators are placed
at the ampir_fi_r ou_pU_/_'ea_h" providing a
point on an :_ntegral pu-lse _ height spectrum

of the detected particles. In view of the
previous discussion about the geometric fac-
tor, it is seen that to high accuracy the
shielding serves to solely determine a lower
energy cutoff for electrons and protons. The
energy equivalent of the electronic discrim-
ination level settings will just add to this

low energy cutoff to provide integral energy
channels labelled D1, D2, D3, and D4 (see
Table 7-2). When the counting due to pro-

TABLE 7--2

D1

D2

D3

D4

Energy
loss Electrons

required

.13 <0.30 Mcv

,28 <0,45 Mev

.43 <0.62 Mev

,64 <0.82 Mev

Efficiency

.7

.6

.45

13

Protons Efficiency

<5,1 Mev 1.0

<5.1 Mev 1.0

<5.2 Mev 1.0

<5.2 Mcv 1.0

tons is important, the differences in the effi-
ciencies for protons and electrons in the
different channels can be used to separately
determine the electron and proton fluxes.

The discrimination levels can be repro-

ducibly set with a laboratory Sr 9° electron
source by noting the number of counts at
each output and the count ratios of neigh-
boring levels. Basic calibration of the energy
thresholds and efficiences were obtained using

the Bell Telephone Laboratories 1 Mev ac-
celerator. A graph of the efficiency vsl energy
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FIGURE 7-6.--Relative efficiency vs. energy curves
for detector D outputs.

shown in Figure 7-6 serves to illustrate the

manner in which the stated integral energy
levels were chosen. Further calibrations

were made with a fission beta spectrum at

Los Alamos with the following results for

the product, the efficiency (E), and geometric

factor (see table 7-3).

pulse pile-up of many low energy events.

Brass shielding about the sensor confines

the entrance aperture, for protons less than
85 Mev, to a 15 degree conical half-angle.

Details of aperature construction are shown

in Figure 7-7. Two thin annular discs serve

I 23° 30°

HI -,....

DETECTOR "B" APERTURE

i.MOUNTING RING
2 REAR SHIELD
3 MAINHOUSING
4 REAR SPACER

5.SECOND SPACER 9.OETECTORHOLDER
6 UPPER SPACER I0.SOURCE MOUNT
7 APERTURE DEFINING )] ELECTRON BAFFLE
8.CONNECTOR INSULATOR ]2 ELECTRON BAFFLE

FIGURE 7-7.--Detector B aperture.

TABLE 7-3

Channel (eG) fission

D1 1.46 X10 "sem 2-ster

D2 1.IBXIO -_

D3 5.92 XIO -s

D4 1,18 X1O "_

Detector B Characteristics

Detector B is a single p-n junction diode

(Ortec surface barrier detector) designed to

detect protons with nominal energy for 1 to

4.5 Mev with a high discrimination against

the ambient electron flux. Insensitivity to

electrons is achieved through

1. Use of a thin sensor so that entering

electrons cannot deposit much energy in it.

2. Discrimination levels that are set much

higher than the pulse amplitude typically

produced by electron energy loss in the
sensor.

3. The previously mentioned 0.25 # sec

pulse clipping to decrease the probability of

as electron baffles to limit electron scat-

tering into the detector. A nickel foil 1.2

mg/cm 2 thick is mounted on the inner baffle

to shield the detector from light. The 6.5

mm 2 sensor area results in a geometric fac-
tor of 0.015 cmLsteradians for the detector.

The detector B electronic discrimination

levels (B,, Bp, By, Ba) are set at 0.98 Mev,

2.10 Mev and 3.84 Mev respectively. But

because of the small depletion depth (100

microns) of the detector a given discrimina-

tion level may be triggered both by a proton

which stops in the active depth and a higher

energy proton which penetrates it. Pene-

trating protons of still higher energy cannot

deposit sufficient energy in the active depth

to trigger the discrimination level. There-

fore the proton energies associated with a

given pulse hieght are double valued. This

characteristic of detector B is displayed in

Figure 7-8 with the discrimination levels

marked. Here it is clearly shown that al-

though the output of the discriminators are



I

I

m

m

L

RELAY I TRAPPED RADIATION MEASUREMENTS

RELAYDETECTORB
PULSEHEIGHTANALYSISSCHEME

_ CHANNEL B4

CHANNEL B 3

CHANNEL B2

CHANNEL Bl

i t IIIIII I I I IIII I I (il_lll-

- B),--

--i

•,, i

Ni

SH,,EL ,,, , , , I.....

O.l (MEV) lO 100

INITIALENERGYOF PROTONINCIDENTON DETECTOR
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characteristics = with discriminator settings indi-
cated.

integral in pulse height they represent re-
dundant differential proton energy intervals.

Further, level B_ is set higher than any
possible pulse height obtainable from protons
received through the entrance aperture. It
can be triggered only by heavier particles,
such as a-particles, or protons (greater than
85 Mev) penetrating the side of the shield
and traversing the detector sideways. Level
B4 yields a crude measure of the omnidirec-

tional background flux which penetrates the
shield.

Adjacent discrimination levels are placed
in anti-coincidence (top of Figure 7-8) to
yield four output channels labelled as B1,

B2, B3, B4 with proton energy ranges
B1 : 1:1 to 1.6 Mev and 7.1 to 14 Mev

B2:1.6 to 2.25 Mev and 4.75 to 7.1 Mev

B3:2.25 to 4.74 Mev

B4: greater than 85 Mev background
channel.

It can be seen that the overlapping energy
intervals have been eliminated but an unam-
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biguous identification of an energy spectrum

still depends upon some prior knowledge
of spectral shape. Calibrations of these

ranges are based partly upon protons gen-
erated by the d(He_,p)He _ reaction on the
Cockcroft-Walton accelerator at the State

University of Iowa, shielding calculations,
and the use of an accurately calibrated elec-
tronic pulser. Reaction produced protons are
used to determine the detector bias voltage
required for the desired depletion depth and
to find the upper cutoff energy for penetrat-
ing protons in each channel. Lower cutoff

energies for non-penetrating protons are
based upon the discrimination levels set by
a calibrated pulser with allowance for the

proton energy loss in the light-tight foil.

Detector C Characteristics

Detector C is a two element proton tele-
scope which classifies proton energies in
three bands from 18.2 to 63 Mev. Direc-

tio naiity and solid angle are defined by two
!_ ._m_L]-dri_t detectors separated a dis-

tance of 2 cm with their faces=Parallel and
their Sides rotated at 45 degrees with re-

spect to each other. The resulting geometric
factor is 0.216 cm2-steradian.

High energy protons coming from the
right direction penetrate both detectors pro-
ducing time coincident pulses. The rear
detector, designated C2, performs the pulse
height analysis on the penetrating part of
the characteristic while the front detector

serves to resolve the ambiguity in the double
values characteristic of the rear detector.
Characteristics for detectors C1 and C2 are

given in Figure 7-9 with the placing of elec-
tronic discrimination levels shown. The

block diagram at the top of the figure in-
dicates the logical sorting of discriminator
levels which combine to form analyzer out-
puts C1, C2, C3, and C4. Output C4 is dif-

ferent from the other outputs in that it
represents the singles rate of pulse ampli-

tudes between C% and C2# rather than time
coincident pulses in the two detectors. Chan-
nel C4 is used as a background monitor to
allow an estimate of the random coincidence
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FIGURE 7-9.--Typical detector C energy response

characteristics with discriminator settings indicated.

rate. Resultant differential energy proton
channels are

C1 : 18.2 to 25 Mev

C2 : 25 to 35 Mev

C3 : 35 to 63 Mev -

C4 : background

These results are shown succinctly by Fig-
ure 7-10 where the foreground locus repre-
sents the energies recorded by the output
channels when a proton traverses C1 first

and the background locus when C2 is trav-
ersed first.

Once again protons from the d (He `_,p)He 4
reactions were used to determine the front

and back dead layers and the depletion depth
for the two component sensors. Typical
vaIues were found to be 4.7 Mev, 13 Mev,
and 7.25 Mev respectively. A final check

of lower energy cutoffs for two of the out-
put channels was performed with the 40
Mev linear accelerator at the University of

Minnesota. Counting rates from the three
channels as a function of incident proton

energy compared favorably with the expect-
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FIGURE 7-10.--Detector C telescope proton analysis.

ed values calculated from the measured de-

tector parameters and discrimination levels.

DETECTORRADIATION DAMAGE

A comparison of the detector A and D
measurements with results from similar de-

tectors aboard Explorer XV indicates that
the effective amplification of the Relay I
scintillation detectors decreased by about a
factor of 1.3 during the first month in flight.
The data also indicates that smaller de-

creases occurred during the next two months.

All of the data taken since May 1, 1963, how-
ever, is consistent with the assumption that
the effective detector gains remained stable
to within 10 percent. The absolute discrim-
ination levels used in this paper are prob-
ably not in error by more than 15 percent
but comparison with the data from Relay II

will provide a more accurate and trustworthy
determination of the characteristics assumed

by the Relay I detectors after May 1, 1963.
In the case of detector D, the change in

characteristics can be directly attributed to

radiation damage in that the glass disc upon
which the scintillator is mounted can be

darkened by a particle radiation dose com-

parable to that received in flight. This source
of difficulty has been corrected in the detec-
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tor D units to be flown in the future by re-

placing the glass with sapphire.
Two effects of radiation damage were ob-

served on the B detector. First, the resis-

tivity of the silicon increased so that the
depletion depth increased. Knowing that this
change occurred (by the appearance of large
pulses) the necessary minor modifications
in the interpretation of the data can be made
with confidence. The second effect was that

after 120 days in orbit, the size of the pulses
began to decrease so that after 160 days in
orbit, the counting rates from the B detector

approached zero. The total number of protons
reaching the sensitive element of the detec-
tor by this time was about 1012/cm 2 corre-
sponding to a radiation dose of about 106
rads. The solid angle subtended by the de-

tector B aperture was reduced by a factor
of 2.2 on the unit Relay II so that a some-
what extended detector life is anticipated.

After one year in orbit the counting rates
due to protons in detector C remain the same

as on the day of launch. This indicates that
the radiation damage to the two sensors in
this detector has not been important.

ELECTRON DISTRIBUTIONS

The usual magnetic coordinates B and L*

are used throughout this paper to organize
the data received from different locations

in space. The L value for a point in space
is approximately equal to the maximum
radial distance reached by the line of force

going through the point and is given in units
of earth radii. B is the scalar magnitude of

the magnetic field at that location in units

of gauss.
After the initial reduction of the tele-

metered information, the counting rates
from all 19 channels of data are interpolated

to a particular set of L values: 1.1, 1.15, 1.2,
etc.

On July 9, 1962 a high altitude nuclear
explosion injected large numbers of ener-
getic electrons into trapped orbits in the
earth's magnetic field. Subsequent measure-
ments** have shown that at least until Feb-

ruary 1963 these electrons constituted an

important radiation hazard to spacecraft
traversing Certain regions of space. The

Relay I data presented here show that this
situation persisted throughout the year of
1963.

The flux:0f electrons with energies greater
than 0.45 Mev can be uniquely obtained by

subtracting the D4 channel (Detector D,
fourth discrimination level) from the D2
channel to remove the proton contribution
to the D1 counting rate. The unidirectional

o
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FmURE 7-1].--Electron intensity normal to the mag-

netic field as a function of B for various values

of L.

intensity perpendicular to the line of force
of electrons greater than 0.45 Mev obtained
in this manner is shown in Figure 7-11 as
a function of B for a set of lines of force
with L values between 1.25 and 2.7 earth

radii. The actual data points are shown for
some of these lines of force to illustrate the
distribution and scatter of the data points.

In the future, as more data is received,

analytic fits to these data points will be made

*McIlwain, C. E., Coordinates for mapping the
distribution of magnetically trapped particles, J. Geo-

phys. Res. 66, 3681-3691, 1961.

**McIlwain, C. E., The radiation belts, natural and
artificial, Science, 15_, 355-361, 1963.
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as a function of B and time for each line of

force. This will make possible a normaliza-
tion of the intensities to a reference time
which will considerably reduce the scatter
in the data. Analytic fits will also simplify

the integration of the unidirectional inten-
sities to obtain the angular distributions and
the omnidirectional intensities. In lieu of

actual integration, it is a useful fact that
the omnidirectional intensity is almost al-
ways within a factor of 1.5 of six times the
unidirectional intensity perpendicular to the
line of force.

The plot of contours of constant intensity
in B-L space shown in Figure 7-12 were
derived from the same data shown in Figure
7-11. The ratio of intensities between ad-

jacent contours is 100.25-- 1.778.
Comparing these results with the Explorer

XV data, which were obtained between No-
vember 1, 1962 and February 1, 1963, it is
found that the relative spatial distributions
given by the two sets of data are identical
to within 30 percent in the region L -- 1.3

to 1.6. The absolute intensities obtained

from the Relay I measurements in this re-

gion may be as much as a factor two lower
than the earlier Explorer XV results. Deter-

mination of the true time dependence must
await comparison with the Relay II results
but the present results indicate that the time
constant for decrease in the intensities in

this region is greater than one year. Since
few reliable measurements of electrons great-
er than 0.5 Mev were made previous to the

"Starfish" event, it is not yet possible to
determine what part of the intensities are

due to naturally occurring electrons.
The Relay I omnidirectional detector (de-

tector A) is sensitive to electrons with en-

ergies greater than 3.5 Mev and protons
with energies greater than 34 Mev. As
mentioned previously, the effective gain suf-
fered an initial decrease. By May 1, 1963
the gain reached a stable value approximately
a factor of 1.5 lower than before launch.

This caused the discrimination level to ap-
proach the largest pulse size which can be

0.15

0 04

UNIDIRECTIONAL INTENSITY OF ELECTRONS >0,45MEV

MAY 1 TOSEPT 1,1963

i_- IN ELECTRONS SEC-1CM-2 STERADIAN-1

002 I l i _ , i ,,
1 15 2

L INEARTHRADII

\
\

2.5 3

FIGURE 7-12.--Contours of constant intensity.
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produced by an electron thereby reducing
the efficiency for electrons to about one
tenth of the initial value. Since there were

no independent measurements of high en-
ergy electrons made between February 1
and May 1, 1963, it is possible that the meas-
ured decrease of a factor 10 in the electron

counting rates may include a factor due to

the change in the trapped electron intensities.
The Relay II results, when available, can
be used to recalibrate the Relay I detector
and will therefore remove most of the pres-
ent uncertainty.

It should be noted that most of the pulses
produced by protons in the Relay I detector
A remained far larger than the discrimina-
tion level. The efficiency for protons can
therefore be accurately computed.

At L values greater than 3.0 earth radii,

the counting rate due to protons is very
small, thereby permitting good measure-

ments of the high energy electrons in the
outer zone. The analysis of the complex
time and spatial dependences of the outer
zone is not yet complete and will therefore
be presented in a later paper.

At L values of less tha_ 1.45, over 80 per-
cent of the detector A counting rate is due
to electrons. The observed counting rates
along several lines of force in this region are
shown in the upper part of Figure 7-13.
The corresponding contours of constant
counting rate in B-L space are shown in the
left side of Figure 7-14. For comparison,
the contours of constant intensity of elec-
trons with energies greater than 5 Mev as
measured by Explorer XV are shown in
Figure 7-15. As expected, the contours are
very similar in the region L ---- 1.25 to 1.5.
In the region L < 1.25, there probably has
been an appreciable decrease in the high
energy electron intensities, but no Relay I
data taken in this region after May 1, 1963

is available, so that the reality of this de-
crea'se cannot be demonstrated.

PROTON DISTRIBUTIONS

During the period May 1 to September 22
of 1963, over 80 percent of the detector A

0 O_ 0.1 0.I5 0.2 0,25 0.5

B IN GAUSS

FIouRs 7-13.--Counting rate of the omni-directional

detector.

counting rates in the region L -- 1.8 to 2.8
earth radii were probably due to protons.

The efficiency for protons rises rapidly from
near zero at 34 Mev and remains constant
within a factor of 1.5 between 35 and 300

Mev. Since the flux of protons with energies
greater than 300 Mev is relatively small in
the region being considered, the detector A
counting rates correspond to the total flux of
protons with energies greater than 35 Mev.
The weighted average value of the efficiency
times the geometrical factor is calculated to
be 1/3 cm 2 with a probable error of less than
30 percent. The counting rates along lines
of force in this region are shown in the lower
part of Figure 7-13. The cosmic ray con-
tribution has been removed by subtracting

0.6 counts per second. The corresponding
contours of constant counting rates are
shown in the right-hand part of Figure 7-14.

These contours are very similar to the con-
tours of 40 to 110 Mev protons measured
by Explorer XV*. The differences are well
explained by the spatial dependence of the

*McIlwain, C. E., The radiation belts, natural and

artificial, Science, 1_, 355-36I, 1963.
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proton energy spectrum as measured by the
Relay I detector C.

Detector C measures the unidirectional

flux of protons in three energy ranges be-
tween 18.2 and 63 Mev. The lower two chan-
nels C1 and C2 have electron efficiencies of

very near zero. The third channel, C3, has
a small (N .001) efficiency for electrons with
energies greater than 3 Mev as well as an
efficiency of near unity for protons with
energies between 35 and 63 Mev. The flux
of electrons with energies greater than 3
Mev in the region below L ----1.5 are as much
as ten thousand times the flux of 35 to 63

Mev protons, therefore the C3 channel does
not yield reliable measurements of protons
in this region. In the region of L--1.5 to
3.0 earth radii, however, there is little if any
interference due to electrons.

The contours of constant intensity of pro-

tons with energies between 18.2 and 35 Mev
along lines of force as measured by channels
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C1 and C2 are shown in Figure 7-16. The

radiation damage to solar cells shielded by
.4 g/cm _ of material on satellites which
traverse the region between 1.5 and 2.5 earth
radii is primarily due to protons in this

energy range.
The electron counting rates in the D4

channel after May 1, 1963 were only about
5 percent of the electron counting rates in
the D2 channel. Since the efficiency for pro-
tons in the two channels is very nearly the
same, the difference between the D2 and
D4 channels can be used to estimate the frac-

tion of the D4 counting rate which is due to

The sum of the B1, B2 and B3 channels
yields the flux of protons with energies be-
tween 1.1 and 14 Mev with little if any un-
wanted effects due to electrons. The contours
of constant unidirectional intensities of these

protons are shown in Figure 7-19. Data
coverage was rather poor during the time
period in which detector B was operating
properly, therefore the intensities given in

some parts of this figure may be in error by
as much as a factor of two. It is expected
that a more complete analysis of the avail-

able data will reduce the probable error to
less than 20 percent. Radiation damage to

electrons. Along lines of force between unshielded solar cells on satellites which
L -----1.8 and 2.6 this fraction is observed to

be less than 20 percent, so that the counting
rate due to protons can be computed with a
probable error of less than 10 percent. The
unidirectional intensities of protons with
energies greater than 5.2 Mev derived in

this fashion are shown in Figures 7-17 and
7-18.

traverse the region around 2 earth radii is
primarily due to these low energy protons.

A comparison of Figures 7-14, 7-16, 7-18,
and 7-19 reveals that the spatial distribu-
tions of protons are quite different in the

different energy ranges.
The proton energy spectrum is a strong

function of L and on some lines of force the

t I 1 1

Z

\
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FICtmE 7-16.--Contours of constant unidirectional intensity of protons.
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spectrum varies importantly with B. For all
energies along all lines of force, the maxi-
mum intensity occurs at the magnetic equa-
tor. These maximum intensities for four

different energy ranges are shown as a func-
tion of L in Figure 7-20. The intensities in
the 40 to 110 Mev energy range are derived

from the Explorer XV data. Unfortunately,
the proton energy spectrum over the full
range of 1.1 to 110 Mev cannot be adequately
represented by any simple spectral form like
a power low or exponential dependence on
energy. No one parameter, such as the Eo
previously suggested* has been found with
which the spatial dependence of the spectrum
can be easily characterized.

Detailed energy spectra can be obtained
by using all eight of the channels producing
proton data (channels B1, B2, B3, D4, C1,

C2, C3, and A). This analysis is not yet
complete and will be presented in a future
paper.

MAGNETIC STORM EFFECTS

Between 2100 hours UT on September 22
and 0300 hours UT on September 23, the
largest fluctuations in the earth's magnetic

*McIlwain, C. E. and G. Pizzella, On the energy
spectrum of protons trapped in the earth's inner
Van Allen zone, J7 Geophys. Res. 68, 1811-1823,
1963.
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field during the year of 1963 occurred. With-
in almost the same short period of time, the
proton distribution measured by detector A
underwent a radical change. The new dis-

tribution of protons with energies greater
than 35 Mev is shown in the right side of
Figure 7-21. For comparison, the earlier
distribution is shown on the left side. At L

values of less than 2.0 no change larger than

10 percent was observed, while outside
L----2.5 the intensities typically decreased

by over a factor of ten. The earlier distribu-
tion had remained stable for many months.

Similarily, the new distribution has remained
unchanged as of the latest observations
which were made late in December 1963.

It seems quite possible that a thorough

analysis of this event will reveal the true
character of the mechanisms which control

the behavior of trapped protons.
Simultaneous with the proton changes, an

intense new outer zone of electrons began

to form with a peak intensity at L- 3.2
earth radii. In addition to the relatively
energetic electrons in the outer zone, a high

intensity of low energy (less than 0.7 Mev)
electrons appeared in a wide region of space.
Immediately after the event, the unidirec-

tional intensity of electrons with energies
greater than 0.45 Mev at a radial distance
of 2.0 earth radii was greater than 3 X 10 _
sec -1 cm -2 steradian -1 from L----4.0 down to

at least L ----2.0. Referring to Figure 7-12,

the contour corresponding to Ioglo (j ±) --
6.5 apparently moved outward by over two
earth radii. Unfortunately very little data
was taken from the Relay I radiation detec-

tors after this event (except from detector
A, which is on continuously) until December
by which time the anomalous low energy
electron intensities had undergone consider-
able decreases.

INTEGRATED FLUXES

The Explorer XV data has been used to
construct a computer program* which can
be used to determine the omnidirectional

fluxes of three categories of particles which
were presefit at arbitrary locations in space

on January 1, 1963. This program has been
used to obtain the total flux of these particles

striking the Relay I satellite over 8 complete
revolutions (1.02 days) for 40 different days

*McIIwain, C. E., The radiation belts, natural and

artificial, Science, 1_.2, 355-361, 1963.
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distributed throughout 1963. An examina-
tion of these results reveals two important
facts: (1) the total flux per day varies
smoothly from day to day, (2) the total
flux per day for each category of particles is
a unique function of the latitude of perigee
(assuming no changes of particle intensities
with time). The dependence of the daily

fluxes of particles upon the latitude of peri-
gee, shown in Figure 7-22, can therefore be
used (along with the known variation of the
latitude of perigee with time) to determine
the daily fluxes as a function of time as is
shown in Figure 7-23. The relative differ-
ences in the curves are of course due to the

different spatial distributions of the par-
ticles. It is interesting to note that the
daily fluxes of protons with energies greater
than 1.1 Mev would be peaked at the times
that the daily fluxes 40 to 110 Mev protons
are a minimum.

Data from a detector on the INJUN 3*

indicates that the flux of 40 to 110 Mev pro-
tons did not vary importantly during the
first eight months of 1963 and the Relay I
data indicates that the daily fluxes of elec-

trons were no more than a factor of three

ill
L__ _ t t 1 L

FIGURE 7-22.--Total omnidirectional fluxes of several

categories of trapped radiation,

*Valerio, John, Protons from 40 to 110 Mev ob-

served on Injun 3, J. Geophys. Research 69, No. 23,
4949-4958.
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lower at the end of 1963 than at the time

of the Explorer XV measurements.

The curves in Figure 7-23 have been inte-

grated over the first year after the launch

of Relay I. The resulting average fluxes per

day were found to be:

(1) (2.1:::_) X 101-_electrons (E

> 0.5 Mev) cm--" day -_

(2) (3.6:1:¢) X 10 t° electrons (E

5 Mev) cm--'day -I

(3) (1.07 _+ .15) X l0 s protons (E

--_ 40 to 110 Mev) cm -2 day -1

where the error limits correspond to the sum

of all possible errors and the maximum

possible changes in the particle intensities

allowed by the Relay I measurements.

Since the solar cells making up the Relay

I power plant were shielded by about 0.4

g/cm-" of quartz, which can be penetrated

by protons with energies greater than about

17 Mev, it is of interest to anticipate the

result of a proper integration of the data

obtained by detector C. A comparison of
the bottom two curves of Figure 7-20 and
similar curves for other latitudes leads to

the estimate that the average flux of proton
with energies greater than 18.2 Mev is a

factor of 10 _+ 2.5 larger than the average
flux of 40 to 110 Mev protons. This flux of

(1.1 ±.3) X 10 'q protons (E > 18.2 Mev)

cm-2day -_ appears to be adequate to produce

the observed solar cell radiation damage

10m

o_ t09
Ii
=7

0

108

(Waddel, private communication). For n-

on-p solar cells this average omnidirectional

flux of protons produces radiation damage

equivalent* to a beam of one Mev electrons

at normal incidence with a flux of (2.0 +__.6)

X 10 _2 cm-2day-L By comparison, the aver-

age electron spectrum implied by the data

above, when weighted by the energy depend-

ence of the electron damage to n-on-p type

solar cells under 0.4 g/cm 2 of quartz* indi-

cates that the average damage due to elec-

trons was equivalent to a beam of only

(0.6 ±.4)X 10 _e one Mev electrons cm -2-

day -1. These calculations therefore indicate

that three quarters (.77 ± ,17) of the dam-

age to the solar cells protected by 0.4 g/cm 2

of quartz was probably produced by protons.

The measured energy spectra of electrons

and protons are such that as the shielding
is reduced below 0.4 g/cm 2 the fraction of

the damage produced by protons rapidly ap-

proaches unity.
Detector A is connected to a large register

which is not reset after each reading and

which accumulates 2 -_'_---- 5.37 X 10 _ counts

before overflowing. The counts in this regis-

ter can therefore be used to determine the

total number of detector A counts per day.

Some 300 measurements of this kind are

show in Figure 7-24. Since the detector was

*Brown, W. L., J. D. Gabbe, and W. Rosenzweig,
Results of the Telstar radiation experiments, Bel!
Syst. Tech. J., 92, Nov. 4, part 2, 1505-1957, 1963.
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FIGURE 7-24.--Total counts per day registered by detector A.



RELAY I TRAPPED RADIATION MEASUREMENTS 447

not designed to properly measure the high
intensities of artificially injected electrons,
the dead time corrections necessary are rela-
tively large. The average correction factor
for a day's accumulation of counts depends
upon how the counts were obtained. For

example, a given number of counts obtained
in a short time requires a larger correction
factor than the same number of counts ob-

tained in a longer period of time. The de-
tailed rates of accumulation as predicted by
the Explorer XV data has been used to
calculate the desired average correction fac-
tor in a manner which is relatively inde-
pendent of the variations in the detector A
efficiency with time. The resulting calculated
values for the true number of counts per
day is shown in the upper curve of Figure
7-24. Except for the times where the num-
ber of counts per day exceeds 1.5 X 10 ', this

curve is probably accurate to within 15 per-
cent. For comparison, the computed intensity
of electrons greater than 5 Mev (see Figure
7-23) multiplied by 0.02 X exp (--day of
year/365) is shown in the bottom curve.

After day 121 (May 1) it can be seen that
the number of true counts per day was
slowly decreasing but with a time constant
of greater than one year. Since these daily
counting rates are largely due to electrons
it must be remembered that after May 1,
the effective discrimination level was in a

region of the electron pulse height distribu-
tion where a 2 percent change in discrimina-
tion level would produce a change in counting
rate of at least 10 percent and probably

about 20 percent. The apparent decrease in
the daily number of counts can Cherefore be
used only to indicate that there was no large
change (i.e., larger than a factor of two)
in the high energy electron fluxes between
May 1 and December 10, 1963 and to indi-
cate that the effective gain of the detector

has been relatively stable since May 1, 1963.

SUMMARY

The highest electron intensities are found

around the magnetic equator at radial dis-
tances between 1.2 and 1.6 earth radii. The

Relay I data shows that intensities measured
earlier in this region by Explorer XV per-
sisted throughout the year of 1963 and did
not decay by more than a factor of three.

The spatial distribution of protons in four
different energy ranges has been determined
and found to depend strongly upon energy.
The proton intensities at L values greater
than 2.0 earth radii were observed to de-

crease during a large magfietic storm. At
all other times the proton fluxes exhibited

no important changes with time.
The integrated fluxes of various particle

types along the Relay I orbit have been com-
puted and are found to be adequate to ex-
plain the observed degradation of solar cells.

AUTHORS. This chapter was written by C.
E. MCILWAIN, R. W. FILLIUS, J. VALERIO,

and A. DAVE of the University of California
(San Diego), LaJolla, California, U.S.A. un-
der contract NASr-116 from NASA Head-

quarters.
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Chapter 8

The Relay I
Radiation Effects Experiment

Solar cells on Relay I were monitored for radiation damage by measurement of

short circuit current. The orbit was 1321 km perigee, 7439 km apogee, 47.5 degrees

inclination. Unshielded N/P, P/N, and: gallium arsenide cells degraded in 10 days

/"

/

/
/

to 52%, 28%, and 18%, respectively. This damage is ascribed to low energy protons. /
At 300 days silicon N/P and P/N cells, shielded with 30 mils of fused silica, had

degraded to 73r/_ and 53%, respectively. At 300 days silicon N/P and P/N cells,

shielded with 60 mils of fused silica, had degraded to 80% and 61%, respectively.

Available space flux maps predicted somewhat greater damage to the heavily shielded ....
cells, from either electrons or high energy protons, than that observed. The minority _ "_
carrier lifetime of some 1N645 siiicon diodes declined to 50% in about 45 days. , J_,J J

INTRODUCTION

Objectives

Numerous experiments have shown the
presence of energetic electrons and protons
trapped by the earth's magnetic field at high
altitudes. The center of the "inner belt" of

such particles is at an altitude of about 0.5

earth radii, over the magnetic equator.
These electrons and protons damage semi-
conductor devices directly, and through the
x-rays generated when the electrons are de-
celerated. Solar cells, widely used on space-
craft to convert sunlight to electric power,
are particularly vulnerable. To function they
must be situated in exposed positions and

they can be shielded by only moderate
amounts of transparent materials.

It is, therefore, of considerable interest to
observe the radiation damage sustained by
various types

shields, on an orbiting body. Such experi-
ments provide direct empirical engineering
information, useful in the design of solar
power supplies for satellites with similar
orbits. Further, they allow a test of the
state-of-the-art through com_3arison of ob-
served damage and that predicted from lab-
oratory damage studies and a knowledge of
the character of the trapped particles.

It is the purpose of this report to describe
such a satellite radiation damage experiment,

to compare the results with predictions based
on various information sources and with
other satellite damage experiments.

Orbit Parameters

The Relay satellite was launched from

Cape Kennedy on 1962y, 347 a, 23 h, 30 m, 01"
GMT. It carried wideband relay communica-

tions equipment, radiation measuring de-

of solar cells with various vices, and the radiation effects experiment

449
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herein reported. Final stage burnout and
nominal injection in orbit occurred on 1962y,
347 d, 23 h, 49 m, 06s GMT. For convenience in
this report the zero for "time in orbit" has
been taken as 1962y, 348 d, 00h, 00 m, 00s. It is
believed that no significant radiation damage
effects oecured before this time.

Table 8-1 shows some of the orbit char-

acteristics. It is seen that perigee and apogee
are such that the spacecraft is subjected to
the radiations of the "inner belt."

TABLE 8-1.--Orbit Parameters of Relay I

Apogee .......................................... 7439 KM
ffi4001 NM

=1.17 Re

Perigee ......................................... =1321 KM
_713 NM

=0.21 Re

Inclination....................................... 47.5 degrees

Pe 'iod........................................... 185.1 minutes

=3,085 hours

Eccentricity ..................................... ffi0.285

Maximum latitude ............................... = 47.62 degrees

APPARATUS

The satellite devices concerned with the
radiation effects experiment are the radia-
tion damage panel, the radiation effects cir-

cuitry box, and the solar aspect indicator.

Radiation Damage Panel

The devices subjected to radiation damage
are listed in Table 8-2. They were mounted
on the surface of a "damage panel" attached
to the skin of the satellite. The panel

"looked" perpendicularly to the spin axis.

TABLE

Device

Solar Cell
a

a s

l a

a R

Diode

-2.--Radiation Damage Sensors

No. Type

P/N

P/N

P/N

N/P

N/P

N/P

REV

REV

REV

GaAe

1N845

Shield, mils

0

3O

6O

0

30

60

0

30

60

0

0

Four types of solar cells bearing shields
of three thicknesses were used. Also, meas-
urements were made in triplicate.

The diodes used were IN645 silicon diodes,
manufactured by the Texas Instrument Com-

pany. They were diffused power rectifiers
with a peak inverse rating of 225 volts and
an average forward current of 400 ma. The
glass envelope constitutes a shield of about
20 mils thickness. This diode type has been
widely used in exposed positions on solar

panels as a reverse current blocking device.
It also happens to have a relatively long

minority carrier lifetime, which simplified
the associated circuitry. The diodes used
were selected for long carrier lifetime, which,

initially ranged from 11.5 to 16.5 microsec-
onds.

As shown in Figure 8-1, the solar cells and
diodes were mounted on a 4.0 inch by 5.3
inch by 1/8 inch aluminum panel, for tem-
perature uniformity. Eight thermistors were
imbedded in the panel for temperature deter-
mination, since both solar cell and diode

responses were temperature sensitive. An
enclosure attached to the back of the panel
carried the solar cell load resistors and cir-

cuitry for energizing the thermistors and for
providing a mid-scale calibration signal of
100 my.

The solar cells were insulated from the

panel. The shields were of Corning Type
7940 clear fused silica, of density 2.20 grams

per cm 2. This shield material, and the pro-
prietary transparent adhesive, are very re-
sistant to darkening under irradiation.

Silicon solar cells of the P/N (P on N)

and N/P types carried on the damage panel
have been widely used in satellite solar power

supplies. The gallium arsenide cells are not
considered commercially available yet but, on

a theoretical basi s, have shown promise of
high efficiency and high radi_ation dam-age
resistance.

The "REV" :if0r !,reversed") cells of
Table 8-2 were devised and included in order

to have some cells on board that were par-

ticularly susceptible to radiation damage,
since an uncertainty of several orders of
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i :;i

FmURE 8-1.--Radiation

magnitude existed in the damage effects to

be expected in orbit. These cells were of sili-

con, with a front (illuminated) layer about

one diffusion length thick. On theoretical

grounds, such a cell, while of low efficiency,

should be susceptible to damage. This is

because radiation damage shortens minority

carrier lifetime and diffusion length, leaving

carrier pairs generated near the surface (by

photon absorption) at a distance from the

junction greater than a diffusion length, and

therefore unavailable externally.

In 'order that cells of a given type be uni-

form in characteristics, they were cut from

the same crystal ingot and processed to-

gether. They were then further selected for

uniformity on a basis of spectral response

and efficiency. It is believed that the silicon

damage panel, front.

P/N and N/P cells used are representative

of the central part of the distribution of

commercial cells of these types. Both were

of nominal 1 ohm-cm base resistivity.

The condition of the solar cells was judged

by noting the currents furnished to low
resistance loads. The use of short circuit

current in evaluating radiation damage is

common. However, some laboratory damage

experiments have shown that such a meas-

urement dales not always accurately reflect

the power generating capability of some

types of cells after damage by low energy
radiations.

The load resistors were individually ad-

justed for each cell to give an expected

output of 160 mv under normal space illu-
mination.
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The damage panel weighed 1.02 pounds,

occupied 15.7 cubic inches, and required 0.54
watts.

Radiation Effects Circuitry

Figure 8-2 shows a block diagram of the

circuitry used in determining the minority

carrier lifetime of IN645 diodes by the

"injection-extraction" method.* Radiation

damage to a semi-conductor diode reduces

RELAY

DIODE DAMAGE CIRCUITRY

tNt::¢15

I---_-t _ _ PuLs_w,Dmro pc CONY1I------o
22.5vI t- f%--q 2
somoI I N_ To3 _ O-5V

(A)

- t.3 ma .........

I --,i '_- _ULSEOURATION

(8)

occupied 67.5 cubic inches, and required 1.15
watts.

Solar Aspect Indicator

The condition of the experimental solar

cells is judged by measuring their short
circuit current under some standard environ-

mental condition. The standard illumination

source here is the sun, at normal incidence

and at its mean distance from the Earth.

The actual angle of incidence is measured by

a solar aspect indicator, whose readings are

later used to correct the outputs from the

solar cells to normal illumination, using cor-

rection data determined in the laboratory.

In obtaining this aspect calibration informa-

tion, the sun was used as a source, sky-light

being excluded by a 6-foot collimator.

A photograph of the aspect sensor is

shown as Figure 8-3. In principle, it con-

sisted of an arrangement of narrow slits and

FIGURE 8-2.--Radiation effects circuitry.

this lifetime and causes an associated deteri-

oration in both forward and reverse con-

duction characteristics. As indicated by the

waveform in Figure 8-2, the circuitry peri-

odically establishes forward conduction at

1.3 ma in the diodes. This is followed by the

application of a reverse voltage of such value

and at such impedance level that the charac-

teristic flat-topped reverse current transient
is also 1.3 ma. The duration of the flat-

topped pulse is proportional to minority
carrier lifetime. When forward and re-

verse currents are equal the lifetime is very

nearly four times the pulse duration. As

indicated by Figure 8-2, the diode circuitry,

after supplying the forward and reverse con-

duction conditions, provides an analog telem-

etry signal proportional to the pulse dura-

tion. This circuitry weighed 1.4 pounds,

• i
t

t

FIaURE 8-3.--Solar aspect indicator.

*Lax, Benjamin, and Neustadter, S. F., "Transient

Response of a p-n Junction," J. Applied Physics 25

(9) : 1148-1154, September, 1954.
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associated light sensitive photo-resistors. At

a given angle of illumination a unique com-
bination of photo-resistors was energized.*
These controlled six flip-flops whose states

indicated, through a six bit binary word in
the Gray code, the solar aspect angle. The
angular resolution was about 3 degrees, and
the range was from plus 80 to minus 80
degrees. The weight was 0.52 pounds, the
volume was 16.8 cubic inches, and the power
requirement was 0.075 watts.

RESULTS

Telemetry and Data Processing

The data concerning the radiation effects
apparatus and other satellite-bourne devices
was transmitted to ground by a 9 bit word
PCM telemetry system that would accept
digital inputs (as from the aspect sensor),
zero to 5 volt analog signals (as from the
thermistors), and zero to 200 millivolt ana-

log signals (as from the solar cells). The
word rate was 128 per second. This allowed
I00 successive samplings of a given solar cell
in 100/128 second. Because of the satellite
spin rate at least two maxima in the solar
cell output were observable in this interval.
These maxima, when corrected to zero solar
aspect angle, to mean solar distance, and to
25°C, indicated the condition of the solar cell.

The aspect angle variations are shown in
Figure 8-4. This angle never exceeded 11
degrees. The associated solar cell corrections

-lo

-15

I i i I I I I

• T_[ 1_ o_slT, DAY_

I t f I I X I ._.J

FIGURE 8-4.--Relay I solar aspect vs. time.

were not greater than 2 percent. Tempera-
tures at times when data was taken ranged
from 2°C to 28°C. The maximum associated

cell correction was less than 3 percent for
most of the cells. The maximum correction

for solar distance was about 3.5 percent.
A suitable computer program selected the

maximum value (during spacecraft spin) of
a cell output from the telemetry recording
and corrected it for telemetry zero shift,

telemetry gain change, cell temperature,
aspect angle, and solar distance. Six such
responses of a given cell were read from the
printed record, normalized with respect to
the initial undamaged value, averaged, and
then averaged with the results from the
other two ceils of the same type and shield.

Thus, each final data point for a given cell
type at a given time represents 18 observa-
tions.

The telemetered voltage signals from the
six diodes on the damage panel were cor-
rected for telemetry and temperature effects,
converted to pulse length through a some-
what non-linear calibration function, and
normalized with respect to initial undam-
aged values.

Solar Cell Damage

Tables 8-3, 8-4, and 8-5 show relatively
raw data from some of the solar cells to

indicate the consistency of the results. It is
evident that the three cells of a given type
and shield deteriorated, in general, in a simi-
lar way. Exceptions are the N/P, 60 (N on
P, 60 mils shield) cell 17 which suffered a
catastrophic drop in output, between 45 and
49 days in orbit. The data from this cell was
not used in computing the average behavior
of the N/P, 60 cells after this sudden change
in characteristics. The gallium arsenide cell

29 had a low initial output but degraded in
a regular- manner.

Figure 8-5 shows the normalized, cor-
rected short circuit current signals from the

*Albus, J. S., and Schaefer, D. H., "Satellite Atti-
tude Determination: Digital Sensing and On-Board
Processing," NASA-GSFC Document X-631-63-133,
July, 1963.
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TABLE 8-3.--P/N Silicon Solar Cell Load Voltages for Various Times

Orbit time
(days)

0.020
0.083

0.185
0.448

0.860
12.8
45.5
93.0

148.

312.

Cell 1
P/N, 0
(my)

164

107

94
72

68

43

39

36
33

26

Cell 2
P/N, 0
(my)

158
103

89

72

65

41

37
34

31

24

Cell 3
P/N, 0

(my)

157
103
9O

72

65

42

38

34
31

25

Cell 7
P/N, 0
(mv)

161
159

157
160

159
133

117
106

I01

93

Cell 8
P/N, 0
(my)

160

158

157

161

159

136
122
Ill
104

98

Cell9

P/mNv')0

159

158
157

161

159

136

121

109

103
96

TABLE 8-4.--N/P Silicon Solwr Cell Load Voltages for Various Times

Orbit time
(days)

0.020
0.083
0.185

0.448

0.860
12.8

45.5

93.

148.
312.

Cell 10

N/P, 0
(my)

160

148

142
117

106

85
59

42
25
13

Cell 11
N/P, 0
(my)

163

146

140
115

103

80

62

46

28
15

Cell 12
N/P, 0

(my)

174

157
150
124

I11

88
65

47

27
17

Cell 16
N/P, 60
(mv)

166

165
164
162
161

158
152

143
139

131

Cell 17
N/P, 6O

(mv)

163

161

161

160

156

155

149

8
7

3

Cell 18
N/P, 60

(my)

169
167

166
164

163

161
153

145

140
134

TABLE 8-5.--Gallium Arsenide Solcw Ceil Load
Voltages for Various Times

Orbit
time
(days)

0.020

0.083

0,185

0.448

0.860

12,8

45.5

03.

148.

312.

Cell 28
GaAs, 0
(mv)

160 95

144 87

130 82

Ill 73

85 63

22 26

25 24

22 18

16 13

2 2

Cell 29 Cell 30
GaAs, 0 GaAs, 0

(mv) (my)

159

137

121

102

7l

20

21

16

12

2

silicon and gallium arsenide cells as a func-
tion of time in the log-linear coordinates

often used in this field. The uncertainty bars

are plus and minus one percent of full scale
in length, and the curves, in general, can be
passed through the bars without effort. Cer-
tain features invite comment.

The damage plateaus shown by the
shielded cells from about 70 to 100 days are
very probably real. The steep drop in the
N/P, 0 cells around 135 days was present in
all three cells of this type, and must be real.
The early data for the unshielded cells show
that they suffered large damage during the
first orbit (an orbit is about 0.13 days).
Gaps in the data are due to the satellite being

out of range of the ground stations, or the
experiment not being commanded ON. The
gap between 1 and 12 days is due to satellite
malfunction. Lacking data, the curves be-
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FIGURE 8-5.--Response of silicon and gallium arsenide cells vs. log time.
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tween 0.02 and 0.8 days, and between 0.9

days and 13 days are simply drawn in a

smooth, but arbitrary, manner.

Figure 8-6 shows the same information

as Figure 8-5 but on a linear time scale. The

curves of this Figure are drawn closer to the

data points than they were in Figure 8-5.

There is a strong suggestion of damage steps

for the shielded cells near 130 days, con-

firmed by the additional data for the P/N,

30 cells near this time. Another apparent

step occurs near 200 days. A non-uniform

irradiation rate is indicated.

Table 8-6 shows numerical values of the

relative responses from the silicon and gal-

lium arsenide cells at various times. Some

interpolation and extrapolation is here nec-

essary. Values less certain are in paren-

theses.

Table 8-7 shows the orbit times at which

various types of cells fell to given response

EFFECTS EXPERIMENT 457

levels. Again parentheses indicate less cer-

tain values. The 75 percent level is of par-

ticular interest, since the associated particle

fluxes or orbit times have been widely used

in comparing solar cells. In any event, the

non-uniform irradiation rates make time

only an approximate measure of total irra-

diation, especially for the bare cells during

the first day. However, all cells were sub-

jected to the same flux with a high degree

of uniformity, so that cells can be compared

at given times with considerable confidence,

especially if the observation is made at or

near a data-taking time.

Figure 8-7 shows the results obtained

from the "reversed," presumably highly

susceptible solar cells. Their behavior is

obviously anomalous. They show initial in-

creases in relative response before they

eventually fall. The responses suggest that

there is an "annealing" action by some

TABLE 8-6.--Percent Initial Short Circuit Current for Varions Solar Cells at Give_¢ Times

Orbit time
(days)

0.01

0.03

0.1

0.3
I.

3.

I0.

30.
100.

300.
1000.

P/N, 0
(%)

1o0

95
66

(49)
4o

(34)
28

25
21

16

(9)

P/N, 30
(%)

P/N, 60
(%)

N/P, 0
(%)

NP/, 30
(%)

loo
10o

loo

98

05

(90)

84

76
61

53

(45)

100

loo

Io0

99

96

(93)

87
79

67

61

(51)

100
98

91

(76)
63

(57)
52

47)

25

9

(0)

100

100

I00

1oo
99

(97)
95

9!

80

73

((_6)

N/P, 60
(%)

I00

I0O

100

I0O
99

(gs)
96

91

85

7o

(7o)

GaAs, 0
(%)

1oo

96

98

(72)
5O

(27)
18

15

2

(0)

TABLE 8-7.--Times in Orbit at Which Various Solar Cells Fell to Given Percent Initial Values

Output
(%)

90

75

60

50

P/N, 0
(days)

(0.033)

(0.044)
0.17

(0.28)

P/N, 30
((lays)

(3.2)
32

128

(470)

P/N, 60
(days)

(5.7)
47

3OO

(12oo)

N/P, 0
(days)

0.14

0.33

(1.6)
17

N/P, 30
(d.lys)

34

197

(18oo)

(7200)

N/P, 60
(days)

50

(480)
(4oo0)

(lSOoo)

GaAs, 0
(days)

(0.06
0.25

0.66

1
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FIGURE 8-7.--Response of reversed cells vs. time.

aspect of the environment which is finally
overpowered by a damage mechanism which
is retarded, as shown, by the shields of in-
creasing thickness. In any event, these cells
hardly served their intended purpose.

Diodes

The normalized diode pulse length (or
minority carrier lifetime) versus time is
shown in Figure 8-8 for several of the
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FIGURE 8-8.--Diode carrier lifetime vs. time.

diodes, together with the responses from
the P/N, 0 and P/N, 60 solar cells. Curves
for several of the diodes are not shown be-

cause they are practically identical with
those given in Figure 8-8. While the diode
data is limited in amount and in dynamic

range, an initial steep damage rate, inter-
mediate between the P/N, 0 and P/N, 60
solar cells, is evident.

DISCUSSION

Merits of Various Cell Types

Figure 8-5 and 8-6 indicate that the order
of merit of the shielded cells is N/P, higher,
and P/N, lower. The unshielded cells, judged
while their relative responses are above 50
percent, have the order N/P, GaAs, and P/N.
It must be remembered that this comparison,
and others to follow, is influenced by the
character of the radiations present in the

Relay orbit.
It may be determined from Figures 8-5

and 8-6 that the N/P, 60 cells last 10 times

longer than the P/N, 60 cells, when judged
at the 75 percent level. Further, the N/P, 30
cells last 5.9 times longer than the P/N, 30

cells. The degradation of the bare cells is so
rapid and the early irradiation rate is so
non-uniform that making numerical com-
parisons among them is scarcely meaningful.
It is apparent that the N/P, 0 and the GaAs,
0 cells behave quite similarly down to the
70 percent level, with several odd changes in
order of merit among the bare cells at large

degradations. The GaAs cells do not show
the expected superiority over silicon cells
under the conditions of this experiment,
using bare cells and short circuit current as
a measure of merit.

Merits of Shields

Figures 8-5 and 8-6 show, at the 75 per-

cent response level, that the N/P, 60 cells
last about 2.3 times longer than the N/P, 30
cells. The P/N, 60 cells last about 1.4 times
longer than the P/N, 30. Thus, for both

types, doubling the weight of shield material

(which contributes materially to the total
spacecraft weight) only extends life (at the
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75 percent level) by about 2 times. This
same life extension could be attained by
using an additional 5 percent of the less

heavily shielded cells.
The useful lifetime of the unshielded cells

its so short as to prohibit their use in space-
craft in this type of orbit. It is apparent
that even a 30 mil shield increases the use-

ful lifetime of the bare silicon cells by a
factor of about 600.

Solar Cell Damage Predictions

Prediction Methods

Damage to solar cells by trapped radia-
tions may be predicted by various methods.
The empirical approach is to examine the
literature to find a spacecraft whose orbit
is similar to the one of interest and to de-

termine the radiation damage it sustained,
either in its main solar cell power supply

or in some damage experiment like that
reported here. This method is necessarily
approximate.

Another approach that might be attempted
would be to fully determine the character of
the semiconductor materials of the type of
solar cell of interest, the nature of any shield,
and the character of the radiations to be

encountered in orbit. The damage contrib-
uted by each component of the radiation
would then be calculated from fundamental

physical principles and the power output at,
say, the end of a given time in orbit would
be determined.

This method would require a detailed

space map of particle type, intensity, energy
distribution, and angular distribution, with
allowance for possible variations with time.
Such maps are being built up, but the accu-
racy claims are still very modest. Also re-
quired would be a method of calculating how
the shield material alters the radiation in

intensity, energy, and angular distribution.
These matters cannot yet be calculated

easily or accurately.
The composition and structure of the solar

cell must be known, and the number and
nature of the lattice defects caused by the
various components of incident radiation

caiculated, together with their influence on
the-efficiency of the Cell. These matters in-
volve the frontiers of solid state physics.

The ab0ve academic approach, while de-

sirable, is not yet practicable.
Of several approaches, intermediate be-

tween the extremes noted above, the follow-
ing was chosen.

Bare silicon ceils similar to the ones used

in this experiment have been subjected to
well controlled radiation damage using I Mev
electrons and 4.6 Mev protons from acceler-

ators by W. R. Cherry and L. W. Slifer.*
The short circuit current was monitored,
with the cells illuminated by a 2800°K tung-
sten source, filtered by 3 cm. of distilled
water. The intensity was comparable with

sunlight.
The above information on damage suscept-

ibility will be combined with the available
knowledge of the electron and proton inten-

sity (and, to some extent, energy) distri-
bution in space. This information will come
from several sources, but will not include
data obtained by the radiation measuring
instruments on Relay. A suitable computer
program will, in effect, carry the experiment
through the trapped particles, computing
the accumulated doses for a number of Relay
orbits. This radiation information will be
modified to account for the effect of the

shielding. The result of combining the lab-
oratory determined damage susceptibilities
with the radiation information will permit
prediction of cell damage.

This approach has its weaknesses. The

cells measured in the laboratory are similar
to, but not identical with those used in orbit.
The light source used to evaluate the labora-
tory damage is different in spectral energy
distribution from sunlight. This causes ap-
parent damage different from that obtained
in orbit. This effect depends on cell type,

and nature and energy of the particle that
did the damage. It is being investigated

*Cherry, W. R., and Slifer, W. W., "Solar Cell
Radiation Damage Studies with 1 Mev Electrons
and 4.6 Mev Protons," NASA-GSFC Document
X-636-63-110, May 27, 1963.
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further. The laboratory damage studies di-

rected beams of particles perpendicularly to
the cell surface and the effect of oblique irra-

diation, which occurs in space, can only be
estimated. Interpolation and extrapolation
of the laboratory damage data will be re-

quired.
Concerning the space maps of particle

distribution, these are being assembled and
modified as more information becomes avail-

able. Data on energy distribution is incom-

plete. Finally, the maps are subject to
change with time as a result of natural and
man-made disturbances. In view of the

above, approximate prediction of damage is
all that can be expected.

Unsh;eldedS;ficonCells

It has been shown that bare silicon solar
cells are damaged by either electrons or pro-
tons whose energy exceeds a few hundred
kev. A cursory review of approximate doses
of the particle fluxes along the Relay orbit
indicated that low energy protons would

probably be the predominant cause of dam-
age to bare silicon cells. Davis and William-
son have reported a large flux of protons of
energies above 100 kev centering about an
equatorial altitude of about 2.5 earth radii.*
The measurements were made on Explorer

XII. The Relay orbit penetrates high lati-
tude parts of this distribution.

Davis has organized this data into a space

map of protons of energies above 100 kev,
500 key, and 1000 kev, and integrated the
fluxes over the first eleven hours of the Relay

path, using 1 minute steps. The resulting
plots are shown in Figure 8-9. Major dam-
age steps at about three hour (one orbit)
intervals are evident. An accuracy of plus

or minus fifty percent is quoted.
The susceptibility of silicon solar cells to

proton damage is known to be relatively
small at both very high and very low ener-

gies. Baicker, Faughnan, and Wysocki have
shown that the susceptibility is a maximum

around 1 Mev, falling rapidly below 0.2 Mev
and slowly above 1 Mev, when judged by
maximum power output under sunlight illu-

,o,_I ! I I I l I [ t I I 1
0 I 2 3 4 8 6 7 $ _ _o JJ

TIM[ IN ORBIT, HOURS

FmuaE 8-9.--Low energy proton flex vs. time.

mination.** It will be assumed here that the

damage susceptibility to protons is zero up
to 0.5 Mev, where it has a maximum value,
and above which it falls inversely with en-

ergy. The latter characteristic is indicated
by both theory and experiment, for energies
up to about 100 Mev. Thus, the Figure 8-9
curve for proton energies equal to or greater
than 0.5 Mev is of interest. The figure indi-

cates that the proton population falls rapidly
with energy. It is estimated that the "energy
center" of the protons whose energy is above
0.5 Mev is at 0.7 Mev. Using the assumption
that the damage susceptibility is inverse with
energy, we then multiply the ordinates of the
0.5 Mev curve of Figure 8-9 by 4.6/0.7 to
obtain the number of equivalent 4.6 Mev

protons per cm _ as a function of time. We
then use the Cherry and Slifer 4.6 Mev

proton damage data of Figure 8-10 to con-
vert the above predicted equivalent 4.6 Mev
orbital proton fluxes to solar cell damage

values. The result, for silicon P/N cells, is
shown in Figure 8-11, together with data

obtained from the Relay radiation damage

experiment..
It is evident that the predicted values of

*Davis, Leo R. and Williamson, James M., "Low

Energy Trapped Protons," NASA-GSFC Document
X-611-62-89, May, 1962.

**Baicker, J. A., Faughnan, B. W., and Wysocki,
J. J., "Radiation Damage to Silicon," Third Semi-
Annual Report on Contract NAS 5-457, April 15,
1962.
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FIGURE 8-10.--Response of silicon solar cells vs. flux of protons.

short circuit current are in fair agreement

with the observed values, most of which fall
within the error limits associated with the

50 percent uncertainty in orbital fluxes. The

predicted values are systematically higher
than the observed ones,

The time structure of the observed damage

is correctly predicted, with the indication
that a damage step probably occurred near
seven hours, but was not observed. It may
be mentioned that damage predictions based

on high energy protons and on electrons
failed to account for the magnitude of the

damage to these unshielded cells and the
predicted damage steps occurred at the wrong
times.

Figure 8-12 shows a plot of the first six
hoursof orbit in the B, L coordinates de-
scribed in Chapter 7. The predicted damage

steps centering at 0.8, 3.9, and 6.9 hours in
Figure 8-11 have B, L coordinates of (0.064,

3.46), (0.053, 3.04), and (0.049, 2.67), re-
spectively. These all lie at about 30 degrees
south latitude, at an altitude of about 6,100
km.

The result of the above damage prediction

procedure when applied to the N/P silicon
solar cells is shown in Figure 8-13. The

Cherry and Slifer laboratory damage data
of Figure 8-10, were again employed. The ob-

served damage points in Figure 8-13 fall near
the upper error limits of the predicted values,
a systematic difference of sign opposite to
that of Figure 8-11 being evident. The pre-
dicted time variation is in agreement with
that observed. The desirability of more fre-
quent and complete data in observing orbital
damage is obvious.

Since laboratory proton damage studies on

gallium arsenide equivalent to those of Fig-
ures 8-10 and 8-14 are not available, the

above type of prediction of gallium arsenide
damage cannot be attempted. Baicker et. al.*
have considered the unexpectedly rapid de-
ter/oration of the gallium arsenide cells on
Relay and attribute it to a relatively high

*Baicker, J. A., Faughnan, B. W., and Wysocki,
J. J., "Radiation Damage to Silicon," Third Semi-
Annual Report on Contract NAS 5-45"/, April 15,
1962.
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FIGURE 8-11.--Predicted and observed damage to P/N cells.

damage susceptibility to protons of energies
below a few hundred kev. This is related to

the fact that the useful volume of a gallium
arsenide solar cell is located in a much thin-

ner front layer than is the case for silicon.
A shield of even 1 mil of fused silica would

stop all low energy protons up to 1.5 mev,

and presumably allow the gallium arsenide

cells to exhibit the high radiation damage

resistance indicated by theory and by lab-

oratory damage studies when protons above
about 2 Mev are used.

Proton Damage to $h;elded Cells

We will here attempt to predict the dam-

age suffered by silicon P/N and N/P cells,

shielded by 60 mils (0.336 grams per cm 2)

of clear fused silica (Corning 7940). Since

the damage per orbit was too small to be

resolved, only long time damage effects will
be considered.

A fused silica shield of 60 mils thickness

will, nominally, stop a 16.5 Mev proton and

a 0.90 Mev electron. The large flux of low

energy protons which evidently damaged
the unshielded cells are therefore excluded.

The Mathematics and Computing Branch

of the Theortical Division of GSFC kindly

calculated fluxes of high energy protons and

electrons over intervals of Relay flight. These

predictions covered five two day intervals.

Fourteen second steps were used. The cumu-
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lative flux of protons of energy above 30

Mev involved use of the P_ proton grid, or

space particle distribution map. Electron
fluxes were made with the E8U and E8L

electron grids, giving upper and lower limits.

This information is summarized in Table

8-8. The fluxes are omni-directional.

The mean proton flux of Table 8-8 refers

to protons of energy above 30 Mev. It is

necessary to move the cut-off energy down-
ward from 30 Mev to 16.5 Mev. According

to McIlwain and Pizella* the ratio of the

proton fluxes Q1 and Q._, having energy cut-

offs at E1 and E_,, respectively, is given by

*McIlwain, C. E., and Pizzella, G., "On the Energy
Spectrum of Protons Trapped in the Earth's Inner
Van Allen Zone," J. Geophysical Research 68 (7),
1811-23, April 1, 1963.
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Q' -- exp E._, -- E_
Q._, E,, (8.1 )

where

E. _ 306 L -'_"_ (8.2)

Assuming that the major cell damage oc-
curred near equatorial crossings an average
equatorial L value of 1.7 was determined

from orbit predictions. This, with Equation
8.2, gives a value of E, of 19.45 Mev. When

this is entered in Equation 8.1, together with
the energy cut-off values of 30 and 16.5 Mev,
the flux extension factor is found to be 2.0.

Other factors to be applied to the mean pro-

ton flux value of 8.79 X 10 '_protons/cm 2 -day
are estimated as: 1/2 (for infinite rear
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TABLE8-8.--PredictedOmnidirectional Proton and Electron Fluxes
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Days
in orbit

0 to 2
14 to 16
45 to 47
83 to 85

194 to 196

Protons/cm_-day

0.254 (9)
0.305 (9)

10.5 (9)
17.4 (9)
m.5 (9)

Mean = 8.79 (8)

Electrons/era _-day,
upper

2.87 (12)
3.74 (12)
8.72 (12)

14.1 (12)
8.17 (12)

Mean = 7.52 (12)

EIectrons/cm _-day,
lower

_.58 (12)
!.85 (12)
5.78 (12)
6.92 (12)
4.58 (12)

Me'm = 4.14 (12)

Mean = 5.83 (12) + 30% electrons/cm_-day

Proton energiesare equal to or greater than 30 Mev.
Electron energiesare equal to or greater than 0.5 Mev.

shielding), 1/3 (for oblique incidence) and
1 (to get 4.6 Mev equivalence). The latter
is roughly estimated as follows: the steeply
falling incident integral proton spectrum is
considered cut off below 16.5 Mev. Increas-

ing numbers of protons of initial energies
greater than this value penetrate the shield,
with exit energies rising from zero. The rise
is estimated to terminate in a few Mev, after

which a fall dictated by the shape of the ini-
tial spectrum occurs. The maximum is prob-

ably at a few Mev. Since laboratory damage
information on these types of cells was
available at 4.6 Mev, this same energy equiv-

alent of the protons penetrating the shield
is assumed, lacking a more precise determi-
nation. The straggling of protons in shields

is very severe.
The overall factor deduced above is 1/3,

giving a predicted 4.6 Mev normal incidence
proton flux of 1/3 X 8.79 X10 s or 2.93X
10 '_protons/cm 2 -day, or 8.8 X 10_nprotons/
cm 2 over 300 days. Using this value with

the damage curves of Figure 8-10 gives cell
responses of 56 percent for the P/N, 60
cells and 75 percent for the N/P, 60 cells.
These are to be compared with the observed
values of 60 and 79 percent. The agreement
is ]_air.

Electron Damage to Shielded Ceils

Table 8-8 indicates a predicted average

omni-directional electron flux of 5.83 X 1012

electrons/cm2-day. We will assume they
have a fission spectrum and utilize a func-
tion* to convert this value to equivalent nor-
mal incidence 1 Mev electrons after passage
through shielding material. The result is, for
the P/N 60 cells, a factor of 0.14, and, for

the N/P, 60, a factor of 0.31. Thus the
predicted equivalent 1 Mev electron flux
per cm:-day becomes 8.16 X 10 _ electrons/
cm2-day or 2.45 X 10_4 electrons/cm_ over

300 days, for the P/N, 60 cells. Using the
appropriate damage curve of Figure 8-14
we obtain a predicted cell response of 47
percent. This is considerably smaller than
the observed value of 59.8 percent. Simi-
larly, for N/P, 60 cells the predicted flux
per cm 2 over 300 days is 5.4 X 10 TM equiv-
alent 1 Mev electrons, giving a predicted

response of 75 percent, versus an observed
79 percent, which is fair agreement.

Thus, the predicted damage by both elec-
trons and protons on heavily shielded silicon
cells exceeds that observed. This nature of

disagreement can be partly attributed to the
use of tungsten light in evaluating the lab-
oratory damage curves of Figure 8-10 and
8-14. This tends to exaggerate damage, as

*Rosenzweig, W., "Radiation Damage Studies,"
IEEE Photovoltaic Specialists Conference, Wash-
ington, D. C., April 10-11, 1963. See also Fig. 6-32,
this report.
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TABLE 8-9.---Orb/tal Radiation Damage Experiments
L

No. Satellite

1 Explorer XI_ _
2 Midas III ....

3 Explorer XII _

4 Midas IV .....

5 Telstar I .....

6 Alouette ......

7 Explorer XIV
8 1962-BK .....

9 ANNA lB_ __

l0 Relay 1 ......

PeriR:ee
(kin)

491
3450

304

3530

952

1004
278

191

I090

1321

A_°mgee
)

1799
3510

77OOO

376O

5660

1029
99O0O

5550

I180

7439

Incl.

(deg.)

28.8

91.2

33.

95.9

45.

90.
33.

71.

50.

47.5

Launched

4/27/61

7/12/61

8/16/61

10/21/61

7/26/62
9/29/62

10/21/62
10/26/62

10/31/62

12/13/62

Cell
type

N/P

P/N

P/N

N/P

P/N

P/N
P/N

P/N

N/P

P/N

P/N

P/N

P/N

N/P

P/N

P/N
P/N

N/P

P/N

P/N

P/N
N/P

N/P

N/P
GaAs

Mils,
shield

0

40, silica

80, silica

60, silica

3, glass
0

40, silica

80, silica

30, sapp.

12, glass
0

6, glass

60, glass

6, glass
6, glass

20, silica

30, sapp.

30, sapp.
0

30, silica

60, silica
0

30, silica

60, silica
0

Wo.TG

(days)

70
100

250

1000
1000

1 orbit

53

110

400
3O

1 orbit
4

100

5O

40
9O

400

1400

1 orbit

32
47

0.33

197

480

0.06

compared with that demonstrated in orbit
with sunlight illumination. The electron

damage prediction also neglected a decrease
in electron intensities which is known to

have occurred during the experiment.

Comparison with Other Orbital Damage Experimenfs

Table 8-9 shows the orbit parameters of
some other satellites which have carried

radiation damage experiments, together with
cells, shields, and times estimated for cell
responses to fall to 75 percent of their orig-

inal values. This data is largely taken from
Cooley et al.*

Some comparison may be made. Midas III
has a circular polar orbit at about the same
mean altitudes as Telstar I and Relay I.

They all carry N/P cells with about the same
effective shields. Their "lifetimes" in orbit

are 1000, 400, and 480 days, respectively.
The fact that Midas III was at the altitude

of the "inner belt" is evidently compensated

by the fact that it spends a large part of its
time in low damage regions near the poles.

The Explorer XII and Explorer XIV P/N,
0 cells and the Relay I P/N, 0 ceils, although
in greatly different orbits, agree in that they
were all very severely damaged in one orbit.
The fact that the Explorer XII (P/N, 3

glass) cells had such a long lifetime com-
pared to the unshielded cells strongly indi-
cates damage by low energy protons, to
which the damage to the unshielded cells on
Relay has been quantitatively ascribed.

The (P/N, 60 glass) cells on 1962 BK and
the (P/N, 60 silica) cells on Relay had

roughly the same mean altitudes and their
critical times of 100 and 47 days, respec-
tively, are comparable.

*Cooley, William C., Janda, Robert J., and Shiva-

nandan, Kandiah, "Handbook on Space Radiation
Effects to Solar Cell Power Systems," prepared for
NASA under contract NASw-598, July 22, 1963.
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Although not shown in Table 8-9 ANNA
1B carried a gallium arsenide cell with a
6 mil glass shield. This appeared more dam-

age resistant than any of the much more
heavily shielded silicon cells up to 80 days in
orbit, when it apparently began to degrade
rapidly. Although its orbit is quite different
from that of Relay, the long lifetime com-

pared to the unshielded gallium arsenide
cells on the latter spacecraft (0.06 days)

suggests again that low energy protons were
the damaging agent.

A review of Table 8-9 strongly indicates
that N/P silicon solar cells, shielded with the
equivalent of 60 mils of Corning Type 7940

transparent fused silica would probably have
a lifetime (75 percent point) of about one
year if in the most damaging orbit. This
presumably would be an equatorial one at an
altitude of about 300 km.

In view of the approximations now re-
quired in the prediction of the lifetime of
solar cell power supplies in orbit it is obvi-
ously prudent to check such predictions
against empirical information of the kind
indicated in Table 8-9.

CONCLUSIONS

The radiation effects experiment carried

on Relay has shown, by virtue of observa-
tions taken over about one year, that silicon
N/P solar cells shielded with 60 mils of

Type 7940 silica last about 10 times longer
than similarly shielded P/N cells, when

judged by short circuit current at the 75
percent initial value level.

Silicon N/P cells with 30 mil shields last

about six times longer than similar P/N
cells.

Silicon N/P cells with 60 mil shields last

about 480 days; silicon N/P cells with 30 mil
shields last 197 days, all at the 75 percent
level.

Unshielded silicon N/P, P/N, and gallium
arsenide cells all last less than one day.

The use of 60 mil shields approximately
doubles the life of a silicon ceil, as compared
to one using a 30 mil shield.

Fluctuations in the degradation rates were
apparent. Early effects were attributable
to successive passes through highly damag-

ing regions of space.
Early damage to unshielded P/N and N/P

cells was approximately accounted for, in
magnitude and in time, by predictions based

on a space map of low energy protons, to
which unshielded cells, particularly those of
gallium arsenide, are very sensitive.

The long term degradation of the shielded
silicon cells was predicted, approximately,
by consideration of the effects of protons of
energy greater than 16.5 Mev, using the
GSFC P1 proton grid.

However, a consideration of the damage
causd by electrons of energy greater than
0.5 Mev, using the GSFC E8 grid, also ap-
proximately predicted the observed damage.
This prediction ignored a decrease in elec-
tron intensities which is known to have

occurred during this flight.

It thus appears that protons were the
principal cause of damage to the heavily
shielded cells. Also, the particle information,
the data on laboratory radiation damage, or
approximations in the calculations have
tended to an over-prediction of damage to
shielded cells.

The radiation damage observed on Relay
is similar to damage occurring on Midas III
and Telstar I. This is reasonable when the

orbits are considered. The empirical infor-
mation indicates that for a solar cell pow-
ered spacecraft to last one year in an equa-
torial orbit of about 3000 km altitude, N/P
silicon cells shielded with at least 60 mils of

fused silica would be required if the per-

formance were not to fall below the 75 per-
cent initial value.

It would be of great value if future satel-

lite solar cell damage experiments were such
that the maximum power from the cells were
measured, instead of short circuit current,
which is known to be only a poor measure of
power under some conditions. The use of

gallium arsenide cells with a variety of
shields may allow this material to demon-

strate its potential. More complete and ac-
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curate space maps of the trapped radiations
are highly desirable, together with improved
laboratory damage studies on solar cells.
Damage studies using high energy electrons

and protons on shielded cells would remove
some of the uncertainties now involved in

calculating shielding effects, particularly if
the damage were evaluated in sunlight.
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The Andover Ground Station

Chapter 9

INTRODUCTION vision routes for economical interconnection.
A location in the northeastern United States

The Andover ground station was designed was required to fulfill the criterion that the
to provide means for transmitting to and station be near Europe.
receiving from communications satellites

Several possible areas were selected in the
similar to Relay. The station includes the -_rtheastern states. Of these, Maine was
communication antenna, transmitting and
receiving equipment, coupling circuitry, sat-
ellite tracking equipment and means for
programming the antenna to track the vis-
ible portion of a satellite's orbit. In addition,
VHF command transmission and telemetry
reception facilities appropriate to Relay sat-
ellites are provided. The station has been
used for evaluation tests of and successful

demonstrations via Telstar I and II, Relay

I and II, and Syncom II.

SITE SELECTION

In selecting a site suitable for a ground
station, several factors were taken into ac-
count. These included freedom from inter-

ference, suitability for commercial operation,

proximity to Europe and climatic conditions.
The major sources of interference were con-
sidered to be TD-2 and TH microwave sys-

tems, airplane routes, major highways and
large cities. Consideration was given not
only to existing sources of interference but
to any that might obtain in the foreseeable
future. Suitability for commercial operation
dictated that the site be large enough to
house several antennas and be close enough

to existing radio relay telephone and tele-

chosen as the most promising. Exploration
of this area by a siting team resulted in the
selection of the site at Andover, Maine. Con-
clusions based on detailed studies of this site

indicated that it was satisfactory. These
conclusions have been validated by subse-
quent performance of the station.

The location of the station is shown in

Figure 9-1. It is in southwestern Maine
close to the New Hampshire border, latitude
44.6355406°N, longitude 70.694033°W. In-
terconnection with existing radio relay sys-
terns was obtained via a four hop system,
two sections of which are TD-2 and two
sections of T$ (11 Gc). The use of TJ for
the sections closest to the site, and utilizing

frequencies at the low end of the TD-2
band avoided interference from the entrance

link to the ground receiver.
The station is situated on a low, rounded

hill at an elevation of 900 feet in a tract of
about 1100 acres. The 1100 acre tract is in

turn, in a wide, shallow valley about 10 miles
in diameter. The surrounding hills provide
additional shielding against interference in
almost all directions without significantly in-

terfering with satellite visibility. Figure
9-2 is a general aerial view of the Andover

469
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FmURE 9-1.--Andover site-map.

site. Figure 9-3 is a close-up aerial view of
the site. In this view the air-supported
radome is the most prominent feature of the
station. Figure 9-4 presents the profile of
the optical horizon from the site of the an-
tenna.

Communications Antenna

The communications antenna at Andover

is a much enlarged version of similar an-

tennas widely used on Bell System micro-
wave relay routes. Figure 9-5 shows a model
of the Andover antenna. For structural

reasons, the horn at Andover is conical
rather than pyramidal, as was the case in
the smaller versions. The antenna rotates

in azimuth on two concentric rails and in
elevation about the axis of the conical feed

horn on a large bearing at the rear and
a truck and rail combination at the forward
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FIGURE 9-2.--Andover site--aerial view.

end. Two equipment rooms are carried on
the structure.

This configuration has several advantages
over other possible forms. It is extremely

broadband, presents an excellent impedance
to the transmitter, and the parabolic surface

is efficiently illuminated. The antenna also
has very low sides and back lobes. The pro-
vision of equipment rooms on the structure

permits connections to the receiver with
short, low loss connections, resulting in low
system noise temperature.

Table 9-1 gives the principal physical and

performance characteristics of the Andover
horn.

Pointing calibration was made by tracking
radio stars. Accurate corrections to accom-

TABLE 9-1.--Ho_l Reflector Antenna

Structural characteristics

Aperture ..................... 3600 square feet

Length ...................... 177 feet

Weight ...................... 380 tons

Reflector accuracy ............ 0.060 inch (1 Sigma)

Tracking and sle_Sng Azimuth Elevation

Maximum tracking velocity ....

Maximum slewing velocity .....

Maximum acceleration .........

1.5 deg/scc

1.5 deg/sec

1.3 deg/sec I

1.5 deg/sec

1,5 deg/see

3,0 dcg/sec 2

Error during acceleration ....... 0.26 ° pre deg per sec _

Performance 4170 mc 6390 mc

Gain ......................... 58 db 61 db

Beamwidth (3-db points) ....... 0.23 degree 0.16 degree

!
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FIGURE 9-3.--Andover site--closeup aerial view.
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FIGURE 9-4.--Andover optical horizon.

modate the structural distortions indicated
by these calibrations are known. These are

included in computations so that with good

ephemerides data the antenna beam may be
pointed at the satellite within a fraction of
a beam width.

All connections to the antenna are made

through slip rings located around a pintle
bearing at the azimuth axis. This permits

free rotation of the antenna. Cooling water,
power and control leads are also carried

through rotating joints and slip rings at the
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FmuaE 9-5.--Andover antenna--model.

pintle bearing.
The entire antenna is housed in the pre-

viously mentioned radome. This structure is
made of rubberized dacron. It is 210 feet

in diameter and 165 feet high.

Transmitters

There are two ground transmitters asso-
ciated with the horn antenna. One is used

when tests or demonstrations are to be con-
ducted using Telstar. The second transmit-
ter is used when Re}ay is the satellite of in-
terest.

The Telstar transmitter, shown in Figure
9-6, provides an FM signal of 3000 watts

maximum with a peak deviation of ±10 Mc.
The FM deviator and modulator amplifier
stages are modified versions of TH radio

transmitting equipment. The output stage
is a power amplifier using a high-power
traveling wave tube. The center frequency
is 6.390 Gc when the transmltter is used for

KLY_

t

OEV_AToRFM . I POWERI MODULATOR AMPLIPIER AMPL_PIER

L l

I i

WAVE TUflE

rRoN

INPUT SUPPLY 1 COMPUTER I i +,43 TO ÷fi3 DI_Mi

Fz(_b'_ 9-6,--Ground transmitter block diagram.
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television or other straight-away tests. It
can be shifted -+5 Mc for two-way message
experiments. The servo control shown can
be used to vary the output power to main-
tain a prescribed received power at the sat-
ellite. This is used in two-way telephone

tests, where approximately equal carrier
levels at the satellite are desired.

The Relay transmitter provides an FM
signal of 10,000 watts maximum with a peak
deviation of --+7 Mc. The output stage em-
bodies a power klystron.

The center frequency is 1.725 Gc when
the transmitter is used for television or

straight-away tests. It can be shifted -+5/3
Mc for two-way message experiments.

Receivers

The station is equipped with two receivers.
A standard FM receiver operating at 74 Mc
similar to those used in the TH radio relay
systems and an FM feedback receiver. The
FM feedback receiver reduces the effective

noise bandwidth of the receiver to give a
4 to 5 db advantage in threshold when com-
pared to a conventional receiver.

A block diagram of the receiving system
is shown in Figure 9-7. This diagram shows
the FM feedback receiver. Signals received
through the antenna are amplified 40 db by
a ruby maser. They are then converted to
a 74 Mc IF frequency where the major por-
tion of the receiver gain is obtained. Then
they are shifted to the 6 Gc band for de-

DlPt.EXER _ FIEFt.ECTOn

1 L:'':] .......
...... T .....--

I ; ,

FIgIJR_. 9-7.--Ground Receiver block diagram.

modulation in a frequency compression de-
tector. This detector permits the baseband
signal to noise advantage of wide deviation
FM to be realized without the loss in thresh-
old level that would obtain in a conventional

detector of the same bandwidth. Compression

of the noise band is achieved by feeding
back part of the baseband output to a volt-

age controlled local oscillator. Thus, the
local oscillator follows the deviations of the

incoming signal. In this way, the IF fre-
quency deviations applied to the discrimina-
tor are reduced by the feedback factor.

The center frequency when receiving tele-
vision or during straight-away tests is 4.170
Gc. This is shifted -+5 Mc for two-way
telephone tests.

The overall receiver noise temperature of
the system is 42 degrees K when the antenna
is at 7.5 ° elevation angle and 32 degrees K
when pointed at zenith.

Coupling Circuitry

The coupling circuitry needed to permit
the connection of the 6 Gc, the 1.725 Gc
transmitters and the 4 Gc receiver to the

horn antenna is shown in Figure 9-8. The
signal from the 6 Gc transmitter comes from

the left of the diagram via a rectangular
waveguide with horizontal polarization. The
signal travels essentially unchanged over a
waveguide transition and through the polar-

ization coupler. The polarizer transforms
the linearly polarized signal into circular
polarization for transmission by the antenna.

The 4 Gc signal from the antenna, after
going through the polarizer, appears as a
vertically polarized wave which is guided
through the polarization coupler into the
rectangular waveguide leading to the maser.

The 6 Gc into the maser is kept within tol-

erable bounds by means of the two mode
suppressors, I and II, and the low pass filter
in the waveguide leading to the maser.

The 1.725 Gc transmitting signal used in
conjunction with Relay is coupled to the
antenna in the conical section directly behind

the apex taper. Two 1.725 Gc signals of
equal amplitude and 90 ° phase difference are
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1725 MC COUPLER

*R43O / [___IJ

VERNIER _ //_ /_i ROTATING

FROM S-KMC I IT. = :TER .O'AR,ZER= J \ /
...... wcz,2_= . __ L__ . _, _\ I - 1

2 s )

--TEST $1G"AL \ -

D,R'_{:"?O".,<L...... ;" _ _

4 KMC I
I

RADIATION SHIELD

FIGURE 9-8.--Diplexer and associated waveguide circuits.

coupled at right angles into the horn. A
hybrid is used to obtain two signals. The

phase difference is such as to give a signal
right-hand circularly polarized in space. The
coupling slots are longitudinal and are lo-
cated at a point where the circumferential
wall current at 1.725 Gc has the first maxi-

mum. This maximizes the coupling for the
TE_, mode and keeps excitation of the TMo_
mode at a low level. The coupling slots are

backed by two-cavity bandpass filters giving
a maximally flat transmission with a 60 Mc
bandwidth. The filters are built in small-

sized waveguide (4.0 by 0.9 inch) to reduce
the number of undesired modes which might
be excited at 4 and 6 Gc.

Insertion loss of the filters at 1.725 Gc is
less than 0.1 db. The filters also act as trans-
formers between the conical section of the
antenna and the large waveguide (WR430)
which is used for the rest of the installation.

The coupler has no measurable effect on the
6.390 or the 4.170 Gc signals. The noise
contribution to the system by the coupler at
4 Gc was held to less than I°K by careful
mechanical design of the iris located in the

apex taper.

The rotating joint shown in Figure 9-8 is
located at a cone diameter of 34 inches. This

rather large diameter and a gap width of
0.1 inch simplify the electrical design of a
joint required to work at 6.390, 4.170, and
1.725 Gc. A double choke is used and op-
timized at 4.170 Gc. Measurements have
indicated that for gap widths of up to 0.5
inch and with absorbing material covering
the outside of the joint, the 4 Gc noise con-
tribution was still below I°K. The radiation
shield was required to keep the radiated
energy at 6.390 and 1.725 Gc below the Bell

System safety limit for continuous exposure
of 1 milliwatt per cm 2.

Satellite Tracking Equipment

The tracking equipment at Andover con-
sists of four subsystems. These are (1) the
command tracker including its control, (2)
the precision tracker and its control, (3) the
communications (horn reflector) antenna
and its control and (4) the computers. A
commercial system would not require as

complex or elaborate a system as this. How-
ever, this system provides the flexibility
necessary for evaluating the optimum sys-
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tem for a commercial station. Figure 9-9
shows the four parts of the system and their
interrelation.

The computer (IBM 1620) is programmed
to produce drive tapes from any one of
three different sources of information, (1)
ephemeris data, (2) orbital elements and (3)
X-Y-Z topocentric coordinates obtained
from NASA. The drive tapes may be used
to point all three antennas to the predicted
position of the satellite. A different mode of
operation which does not depend on accurate
drive tapes is as follows:

C_ OuF

0.21

BEAM-

W_DTH

HORN

REFLECTOR

ANTENNA_

2 _0_

I _BEAM-

WrDTH
SLAVE HORN -_

I TO P_EEf$iON

ITRACK_R
i

I PRECISION
I rRACKE_

PRECISION

TRACKE_

_ AUTOT_AC_

_ _°°
BEA_

,SLA_ !DrH
! PRECISION
I TRACKER TO
ICOMMANO

TRACKER

COU_ANO
• TRACKER

COMMAND

TRACKER

AUTOTRACK

FIGURE 9-9.--Tracking system, block diagram.

The command tracker, with its beam of
20 °, picks up the 136 Mc beacon as the sat-
ellite rises above the horizon. When auto-

track has been obtained with this antenna,
the satellite is located within 1 °. Then pre-
scribed procedures are followed to energize
the repeater in the satellite. At this time the
satellite transmits the 4.080 Gc beacon. The

precision tracker, slaved to the command
tracker, can now acquire the microwave bea-
con with its 2 ° beam. When autotrack is

obtained, the satellite is located to within

0.02 °. The horn antenna, slaved to the
precision tracker, can then acquire the
microwave beacon with its 0.2 ° beam and

autotrack. Once this is accomplished, the
horn can continue to track the satellite with-
out further aid.

The procedure outlined above is one of
many possible modes of operation. If good
pointing information is available the commu-
nication antenna can be directed to acquire
and then autotrack the satellite without going

through the step by step procedure outlined
above. This has been done on many occa-
sions at Andover and a commercial system

would probably be operated on this basis.

AUTHOR. This chapter was written by W.
A. KLUTE Of the Bell Telephone Laboratories,
Inc., Murray Hill, New Jersey, U.S.A. under
Western Electric Corporation contract NAS
5-I987 with NASA/Goddard Space Flight
Center.



vF-f_'A:/ ,.

I{66 I0 248 Chapter 10

Communications Experiments Conducted at Andover, Maine

INTRODUCTION

This is a final report of data taken at the

AT&T Co. earth station at Andover, Maine

during communications tests conducted on

the Relay I satellite since its launch on De-

cember 13, 1962. The data presented in this

and previous reports are in good agreement

with theoretical values. In addition, Andover

station reports which presented applicable

raw data, have been furnished for each pass
operated.

Andover has also participated in numerous
successful monochrome television and two-

way telephony transmissions to demonstrate

the feasibility of satellites as a communica-

tions media. A monthly tabulation of the

passes worked for either technical tests or

demonstrations is presented below.

Month

January ...........

February ........

March ...............

April ................

l_,Iay .................

June ..........

July ................

A.Ku_t ....... . ......

Sept:ember ...........

October ............

November ............

December ............

Technical tests

22

4

10

14

2

2O

4

11

5

10

30

14

])emonst ra I ions

8

2

6

6

11

16

I

0

2

6

8

6

Stations participating with Andover in
tests and demonstrations are listed below:

COMHIL: Goonhilly Downs, England
COMBOD: Pleumeur-Bodou, France

COMNUT: Nutley, New Jersey

COMRIO: Rio de Janeiro, Brazil

COMGEB: Raisting, Germany

COMTEL: Fucino, Italy

COMIBA: Ibaraki, Prefecture, Japan

COMMOJ: Mojave, Goldstone, California

Many of the tests were conducted on a

loop basis (that is from Andover to the sat-

ellite and back to Andover).

GROUND STATION COMMUNICATIONS SYSTEM

The Andover communications system is

shown in block diagram form in Figure

10-1. As can be seen from this figure the

communications equipment is divided be-
tween two locations: the control building,

which houses the major part of the test and

control equipment, and the radome, which

houses a large part of the communications

equipment, including the ground transmit-

ter and ground receiver. These areas are
connected by means of a video transmission

system and 1600 feet of cable. The Andover
station is connected to Boston via a micro-

wave radio relay system which terminates
in the test area. From Boston the Andover

station may be connected to any other part

of the country by the Bell System communi-
cations network.

Four types of loop tests were conducted

to facilitate evaluation of satellite perform-

ance as indicated in Figure 10-1. They are
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FIGURE 10-1.--Andover communications system.

as follows (1) the baseband loop which in-
cludes the video transmission system from
the test area to the FM deviator and back

to the teat area; (2) the IF loop which in-
cludes the FM deviator, IF amplifier and the
standard or FM feedback receiver in addi-

tion to the equipment required for the base-
band loop; (3) the boresight loop includes
all the ground station equipment including
the ground station transmitter, receiver, di-
plexer, antenna and a repeater similar to
the satellite ; (4) the satellite loop is identical

with the boresight loop except that the actual
satellite is used rather than the repeater at
the boresight tower. The majority of tests
discussed in this report are satellite loop
tests. Two types of FM receivers were used
at Andover; a standard FM receiver and an
FM feedback receiver. The FM feedback re-

ceiver provides some additional margin
against breaking but has a somewhat re-
stricted bandwidth compared to the standard

FM receiver. In general, using the standard
FM receiver without band-limiting filters re-
suits in a transmission characteristic flat to

beyond 5 Mc while using the FM feedback

receiver without band-limiting filters results
in a transmission characteristic flat to about
4 Mc.

Many of the tests conducted use the multi-
plex equipment shown in Figure 10-2. This
figure shows in block diagram form the op-
tional arrangements for television and two-
way telephony transmission. For television
transmission, the audio signal is applied to
the transmitting diplexer, which frequency
modulates the audio signal on a 4.5 Mc sub-
carrier. The video signal is band-limited by
a 3.5 Mc linear phase filter and combined
with the 4.5 Mc aural subcarrier. The com-

bined signal is then transmitted via the
video transmission system to the ground
transmitter. At the receiving end of the
system the combined signal is received at the
ground receiver, transmitted via the video
transmission system to the control building.

After amplification, the 4.5 Mc aural sub-
carrier is separated from the video signal
and demodulated by a discriminator centered
at 4.5 Mc. Two outputs are provided from
the diplexer; one for video, the other for
audio.
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FIOURE 10-2.--Andover multiplex system.
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VIDEO SYSTEM
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Two-way telephone transmission is accom-

plished using standard "L" or "K" carrier

multiplex equipment. Using "L" carrier

multiplex equipment, 12 individual (0 to 4

kc) channels are translated in frequency to

the 60 to 108 kc band. Using the "K" carrier

multiplex equipment, 12 individual (0 to 4

kc) channels are translated in frequency

to the 12 to 60 kc band. After multiplexing,

the combined signal is transmitted to the

ground transmitter via the video transmis-

sion system. Table 10-1 lists the frequencies

used for one and two-way transmission

through the satellite.

This table indicates that for two-way

transmission the ground transmitter fre-

quency is offset by 1.667 Mc and the ground

receiver is offset by 5.000 Mc from that

normally used (1725 and 4169.72 Mc). This

permits the splitting of the RF bandwidth

TABLE 10--1

One-way transmission

1725 Me from ground to satellite

4169.72 Mc from satellite to ground

Two-way transmission

Station A

1723.333 Me from ground to satellite

4174.72 Mc from satellite to ground

Station B

1726.667 Mc from ground to satellite

4164.72 .'Me from satellite to ground

for simultaneous transmission in both direc-

tions by two ground stations. Narrow band-
pass filters 3 Mc wide are inserted at IF at
the ground station to select the desired IF
signal. The undesired signal is also ampli-
fied and the two signals are compared to
permit equalizing the carriers if this is re-
quired for optimum results.
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The normal frequency deviations used for
two-way telephone transmission are pre-
sented in Table 10-2.

TABLE lO-2.--Frequency Deviations for Two-Way
Telephone Transmission

computed from published data of effective
radiated power by approximately 2 db.

Received Carrier Power vs. Range

Figure 10-3 is a plot of the ground re-
ceived carrier power vs. range measured at

Type

"K" Carrier

(12-60 kc) ....

"L" Carrier

(60-108 kc)_..

No. of
channels

12

12

RMS deviation per channel
(for a 1000 tone at 0 toll level)

_round to satellit,

29.8 ke

105.0 kc

Satellite to ground

88.8 kc

315.0 kc

The normal frequency deviations for tele-
vision are given in Table 10-3.

TABLE l O-3.--Frequency Deviations for Television

Video peak to peak ...........................

Aural subcarrier peak to peak .................

Audio deviation of aural subcarrier peak to peak.

13.7 Me

2.7 Me

100.0 kc

RECEIVEDCARRIER POWER

In light of the importance of received car-
rier power data in the analysis of satellite
performance and because of the many vari-
ables involved, repeated measurements were
made to insure valid data.

The received carrier power in the commu-
nications channel was measured continuously
during tests at the ground receiver by moni-
toring the voltage in the main IF amplifier's
automatic gain control circuit. Measure-
ments of received carrier power at the sat-
ellite were obtained from NASA. This data

reported the received carrier power at the
satellite at 1-minute intervals during the
tests.

Measurements are estimated to be accu-

rate +--0.5 db at the ground receiver. In
general, when range, spin angle and measure-
ment accuracies are considered, the measured
values of received carrier powers at the
satellite agree with the predicted values.
The measured values of received carrier

powers at the ground are higher than those
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FIGURE 10-3.--Ground receiver input power--

4170 Me.

i
Andover during pass 1963. The expected [
value of received carrier power is also plotted i
along with the anticipated variation due to ,
spin modulation. The assumptions used in !
the calculations are given in Table 10-4.

As can be seen from Figure 10-3 two ef-
fects are outstanding: (1) the effect of spin
modulation varied from 1 through 4 db
during the pass, and (2) as mentioned above,
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the average received carrier power meas-
ured was some 2 db higher than anticipated,

indicating an effective radiated power 2

db higher than assumed in the computations.

Thn[,E l O-4.--System Constants

1725 Me 4170 Me

-{-70 dbm 40.7 dbmRadiated power .................
Satellite antenna gain at 90 _

spin angle ....................
Earth station antenna gain .......
Misc. satellite losses .............

Misc. ground station losses .....
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-{-49.0 db
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FIGURE 10-4.--Satellite input power--1725 Me.

Figure 10-4 is a plot of the satellite input

power vs. range during pass 1963. The ex-

pected value of received carrier power at the

satellite, based on the assumptions given in

Table 10-4, is also plotted in the same figure

as a straight line (the loss due to variations

in the spin angle is shown as a dashed line).

In general, the average value measured

agreed with the anticipated average.

BASEBAND TRANSMISSION

Although only typical results are presented

in this section many baseband transmission

measurements were made: (1) because the

nature of the test program required this

data as an auxiliary to other data being

gathered, and (2) because the experimental
nature of the station required that many

different circuit configurations be used.

The baseband gain vs. frequency character-

istics for various loops are shown in Figure

10-5 through 10-17. Figures 10-5 through

10-8 show the bandpass characteristic for

the test trunks, baseband loop, IF loop, and

boresight loop, respectively. Figure 10-9

and 10-10 show bandpass characteristics on

the satellite loop taken at different times

during pass 1633. These figures were taken
when the circuit included the standard FM

receiver and its associated circuitry without

FIGURE 10-5.--Bandpass characteristic--transmit-

ting test trunk #1 to receiving test trunk #2.

Pass 1633--7/11/63.



482 RELAY I--PART II

FIGURE 10-6.--Bandpass characteristic-- standard

receiver baseband loop--no filters, diplexers or

clampers.

FIGURE 10-8.--Bandpass characteristic--standard

receiver boresight loop--no filters, diplexers or

clampers.

FIGURE 10-7.--Bandpass characteristic--standard

receiver IF loop--no filters, dlp}exers or clampers.

FIGURE 10-9.--Bandpass characteristic--standard

receiver satellite loop--no filters, diplexers or

clampers. Pass 1633--1800Z time.

clampers, diplexers or band-limiting filters.
Figures 10-9 and 10-10 taken at different
times during the pass show pronounced peaks

(_ 1 db) centered at 2.9 and 4.5 Mc. Com-
paring these figures with Figure 10-7 shows
these gain deviations are attributable to the
Relay satellite. In general, the satellite loop
is flat to within 1.5 db out to 6.0 Mc.

Figures 10-11 through 10-15 show the

bandpass characteristics for the baseband,
IF boresight and satellite loops, respectively

when using the FM feedback receiver and
its associated circuitry without clampers,
diplexers and band-limiting filters. As can
be seen from Figure 10-11 the baseband
loop is similar to that used with the stand-
ard FM receiver. Figure 10-14 and 10-15
show the bandpass characteristic of the
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Fml;llz lO-lO.--Bandpass characteristic--standard
receiver satellite loop--no filters, diplexers or
c]ampers, pass 1633--1806Z time.

FiatrR_. 10-12.--Baseband characteristics--FM re-
ceiver IF loop--no filters, diplexers or clampers.

FIGb-RE 10-11.--Bandpass characteristic--FM feed-
back receiver baseband loop--no filters, diplexers
or clampers.

FIGURE 10-13.--Baseband characteristics--FM re-
ceiver boresigbt loop--no filters, diplexers or
clampers.

satellite to be similar to that of the IF loop

which is controlling.

Figures 10-16 and" 10-17 show the band-

pass characteristic obtained with the stand-

ard and FM feedback receiver circuit on a

baseband loop when the circuit includes the

diplexers and 3.5 Mc linear phase filters.

As can be seen from these figures the 3 db
bandwidth is limited to about 3.5 Mc when

sound is added to the picture.
The Western Electric Video Visual Test

Set was used to make the loop measurements.
The set operates as follows: A low level

signal (approximately 120 dbm) is swept

through the video band and the return signal

is measured for gain and displayed on a

scope as a function of frequency. The result

is then photographed.
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FIGURE 10-14.--Baseband characteristics--FM feed-

back receiver satellite loop, pass 1633, 1802Z time

--no filters, diplexers or clampers.

FIGURE 10-16.--Baseband characteristic FM feed-

back receiver baseband loop, diplexers and 3.6
Mc linear phase filters included in the circuit.

FIGURE 10-15.--Bandpass characteristic--FM feed-

back receiver satellite loop, pass 1633, 1803Z

time--no filters, diplexers or clampers.

FIGUaE 10-17.--Bandpass characteristic--standard

receiver baseband loop diplexers and 3.5 Mc

linear phase filters included in the circuit.

NOISE

In view of the many parameters affecting
the system baseband noise (e.g., satellite

slant range, spin angle, satellite input power,
ground receiver input power, noise tempera-
ture, etc.) repeated measurements were made
to insure valid data.

Baseband Noise Spectrum

Typical measurements made from the test
area are shown in Figure 10-18. These meas-
urements were made using the FM feedback

receiver in the circuit without clampers,
diplexers or band-limiting filters. Curves 1,
2, and 3 represent the noise measured on the
satellite loop. Curves 4 and 5 represent the
noise measured on the IF and baseband loops,

respectively. All curves have been corrected
for the transmission characteristic meas-

ured. Curves 1, 2, and 3 were measured at

separate times and at different slant ranges
indicating the increase of noise with range.
These curves in eonjunstion with Curves 4
and 5 show the contribution of the baseband
and FM terminals to the noise below 500 kc.
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1 . PASS 911 - FM FEEDBACK RECEIVER - SATELLITE LOOP - 4/9/63 - 3908 SM

2. PASS 974 - PM FEEDBACK RECEIVER - SATELLITE LOOP - 4/17/63- 3296 SM

3. PASS 973 - FM FEEDBACK RECEIVER - SATELLITE LOOP - 4/17/63- 2611 SM

4. PASS 973 - FM FEEDBACK RECEIVER - IF LOOP

S. PASS 973 - FM FEEDBACK RECEIVER - BASEBAND LOOP

1. PASS 2017 - STANDARD PM RECEIVER - SATELLITE LOOP - 8/30,/63 - 4081 SM

2. PASS 2103 - STANDARD FM RECEIVER - SATELLITE LOOP - 9/10/63 - 2930 SM

3. PASS 2103 - STANDARD FM RECEIVER -IF LOOP

4. PASS 2103 - STANDARDFMRECE!VER - BASEBAND LOOP

5. THEORETICAL TRIANOULAR SPECTRUM EXPECTED FOR PASS 2017

-6O

J

-80

,¢

Z

Z

-IO0

100 kc 1 Mc 6 Mc

FREQUENCY

i -6(:

i

_-_o
z

-B0
z

-9O

3

t00 kc 1 Mc 6 Mc

FREQUENCY

F[C, URE 10--18.--Baseband noise spectrum FM

feedback receiver.

FI_uaE 10-19.--Baseband noise spectrum standard

FM receiver.

Other measurements were made using the
standard FM receiver in the circuit without

clampers, diplexers or band-limiting filters.
The results of these measurements made

from the test area are shown in Figure

10-19. Curves 1 and 2 represent the noise

measured on the satellite loop at different

times and different ranges and Curves 3 and

4 represent the noise measured on the base-

band and IF loops, respectively. Curves 1

and 2 show the effect of increasing noise with

increased range. These curves in conjuc-
tion with Curves 3 and 4 indicate the noise

contribution of the video circuits and FM

terminals. Comparing the two figures (10-18

and 10-19) it can be seen that the baseband
noise is about the same in both cases but that

the IF noise measured with the FM feedback

receiver is about 2.5 to 3.5 db higher through-

out the band.
Curve 1 of Figure 10-19 is a plot of the

noise measured at 01:27Z time on August

30, 1963 on pass 2017. It is representative

of the noise spectrum measured at about

2-minute intervals during the pass. At that

time the ground receiver and satellite input

powers measured --84 ± 1 dbm and --55.9

dbm, respectively. The corresponding calcu-
lated values based on the constants of the

system noted previously in Table 10-4 and

including a correction to take into account
the loss due to the effect of an 83.2 ° spin

angle were --84.4:_ 1.5 dbm and --56.1

dbm, respectively. Using the calculated val-
ues of received carrier powers, assuming a

14 db noise figure for the satellite, and a

ground receiver noise temperature of 36.5 °

Kelvin, the computed value of the noise at

the output of the received was --54 dbm in
a 4 kc band centered at 10 Mc. From FM

theory the noise should decrease by 20 db

per decade resulting in a noise level of --74
dbm in a 4 kc band centered at 1 Mc. This

corresponds to --68.8 dbm when measured
at the test area rather than at the receiver

output. The measured value at the test point

was --68.8 dbm. The computed noise has

been plotted as a dashed line Curve 5 on

Figure 10-19. Curves 1 and 5 show the

anticipated deviation from the triangular
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spectrum since in practice the baseband
noise is increased at low frequencies by the
contribution of the baseband video and FM
terminal circuits and the noise due to the

satellite carrier supplies. A slight peak is
also noticeable at about 3 mc. This corre-
sponds to the peak in the transmission char-
acteristic of the satellite noted earlier.

Telephone Noise

The thermal noise in the channels of a 600

channel telephone system can be calculated
from the baseband spectrum. In the calcu-
lations made, the constants in Table 10-5
were assumed. Since the transmission level

TABLE 1_5

Average taIkcr power at 0 TL ..................... - 11 dbm

Activity factor for multiehannel telephony .......... 0.25

Average power in a 600 channel load at 0 TL ........ +10,8 dbm

Peak factor for 600 channel load ................... 12 db

Full load teat tone at 0 TL ........................ +22.8 dbm

Full load test tone in test area ..................... - 5,2 dbm

Transmission level in test area ..................... -- 17.6 db TL

0 dbm of white noise in a 3 ke band ................. 88 dbrn C

(TL) at the test area is --17.6 db, the noise
measured at that point is 17.6 db lower than

that same noise measured at 0 TL. Further,
since the noise was measured with the 37B

Transmission Measuring Set having a 4 kc
bandwidth, the level must be reduced by 1.2
db to obtain the equivalent noise in a 3.0 kc
band (the assumed bandwidth of the actual
telephone channel). Making the above cor-
rection and converting from dbm to dbrn
"C" message weighted, the thermal noise
expected in any channel may be determined
from the baseband noise spectrum. This was
done for eleven different channels using the
CCITT frequency allocation for a 600 chan-

nel system and for the conditions that pre-
vailed during pass 2017 as noted above and
shown by Curve 1 of Figure 10-19.

The results are shown in Table 10-6.

Television Noise

Video Noise

The noise in the video channel was deter-

mined from the baseband noise spectrum by
integration. This was done graphically using

I--PART II

TABLZ lO-6.--Telephone Channel Noise at 0 TL

Channel

3

1

12

1

1

I

1

1

I

I

1

f Group
Super

group #

1

I

2

3

4

5

6

7

8
9

10

Fro akUcenc y Noise dbrn"C" mess. Wt,

96-100 20.3

296-300 26-0

548-552 30.7

800-804 33,6

I048-1052 36.0

1298-1300 37.9

1544-1548 39.3

1792-1796 40.6

2040-2044 41.8

2288-2292 42.9

2536-2540 44.0

the baseband noise spectrum plotted as Curve
1 of Figure 10-19. The unweighted peak-to-
peak signal to RMS noise determined was
42.2 db. The applicable curve of the latest
Bell System weighting network was used and
the weighted peak-to-peak signal (1 volt
peak-to-peak) to RMS noise was calculated
to be 52.2 db. The data for the baseband

noise spectrum was taken on pass 2017 at
01:27Z time on August 30, 1963. At that
time the ground receiver and satellite input
powers calculated, as mentioned previously,
were --84.4 --+1.5 dbm and --56.1 dbm, re-

spectively, and the noise temperature was
36.5°K at the input to the ground receiver.
Using these values and a satellite noise figure
of 14 db in the following expression :

S __ 3 fp_p2

N
L ' Is,, + s,_lJ"'

where

fp_p = peak-to-peak satellite to ground sig-
nal frequency deviation, cps

n _-- the deviation multiplication factor of
the satellite

_, ---- satellite receiver noise density,
watts/cps

_, z ground receiver noise density,

watts/cps
S,_ _-- satellite received power, watts

Sg ---- ground received signal power, watts

The unweighted peak-to-peak signal to
noise calculated was 41.9 db and the corre-

sponding weighted peak-to-peak signal to
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noise calculated was 51.9 db. This compares
with the measured values of 42.2 and 52.2
db, respectively.

The weighted peak-to-peak signal to RMS
noise was measured directly on many passes
during the period of the tests. Typical meas-
urements are given in Table 10-7.

TABLE lO-7.--Video Noise

1
Pass. Rec. I Time Z

231 ] STD [ 15:15-15:37

323 STI) I 10:32-t0:56

502 I STD /10:47-11:08

Range
statute

miles

4650 3059

4863-4440

4845--4192

Weighted
Peak-to-peak signal

RMS NOISE

52.8 54.4 db

51.0-52.0 db

50.8-52.0 db

These measurements are also plotted against
the expected theoretical value in Figure
10-20.

Aud;o No;$e

The noise in the audio channel associated
with television transmission was measured

using the Bell System 8 kc program noise-
weighting network in the 3A noise measur-
ing set. As noted earlier, in the Relay system,
the audio portion of the television material
is multiplexed on the baseband video signal
and the composite signal is used to frequency
modulate the carrier. The quality of the
audio is determined in part by the thermal
noise present in the channel.

The peak signal to RMS noise ratio meas-
ured for passes 642 and 880 is plotted in
Figure 10-21 as a function of range. Also
plotted in the figure is the expected value
of peak signal to RMS noise determined as
follows :

70
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EXPECTED _' _._ \
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PASS 502
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I I I I I I I
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FIGURE 10-20.--Video signal-to-noise.
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I I 1
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FIGURE 10-21.--Audio peak signal/RMS noise.

The unweighted peak to RMS noise ratio
for an FM-FM subcarrier system is:

S 3_c f_
N--

where

¢,c--the modulation index of
the audio subcarrier on the
carrier from satellite to

ground, radians
f_a ---- peak deviation of the audio

subcarrier, cps
fa---- highest audio frequency,

cps

n, _, S_, _, Sg ---- have been defined on page
486.

The unweighted peak signal to RMS noise
ratio is decreased by some 4.8 db when pro-
gram weighting is used and is increased by

a factor of 8.7 db l_ecause of the effect of

pre-emphasis and de-emphasis as computed
from the following expression.*

D -- f3

3/3[ /_ tan-__ /o 1
f, 7_ j

where

f_ ----first breakpoint of the de-emphasis
network : 2.1 kc

f_ ---_ highest audio frequency, cps

The measurements on pass 642 were made
with the standard FM receiver in the cir-

cuit while those on pass 880 were made with
the FM feedback receiver in the circuit. All
measurements were made without a video

signal present. This precludes video to audio
cross modulation which adds to the noise in

the channel as discussed later in this chapter.

*Mischa Schwartz, Information Transmission,

Modulation and Noise, McGraw-Hill, 1959, p. 309.
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NONLINEARITY

Repeated measurements were made of the
various causes of distortion in the FM sys-
tems to insure that the constants of the

system remained stable. Typical results are
presented.

IF loop. The loop included the deviator, FM
receivers and the ground receiver IF am-

Envelope Delay Distortion

The envelope delay distortion discussed

here is generated in the IF and RF circuitry
of the system and causes cross modulation
in FM systems. Envelope delay distortion
was __easured by the two frequency sw;eel_

method, using the standard test set used on
TD-2 and TH radio systems. In this method
t_Carrier_is Swept approximately --+4 M_c
with a 100 cps sine wave applied to the BO
klystron of the FM deviator so that the out-
put of the IF is swept from 70 to 78 Mc.

Simultaneously a 278 kc sine wave is ap-
plied at the video input to the FM deviator
to provide a peak deviation of about 80 kc.
The 100 cps and 278 kc signals are recovered
and separated at the FM receiver video out-

put. (Because of the tripling action of the
satellite, the IF sweep on the down path is
from 62 to 86 Mc.) The 100 cps sine wave
is used for horizontal scope deflection. The
278 kc tone which has been phase modulated
by the transmission delay distortion of the
system is compared in phase with a 278 kc
crystal controlled oscillator located in the
delay set reciever. The crystal controlled
oscillator is phase locked to the long-term
average phase of the received 278 kc tone.
The phase variations are used for vertical

scope deflection with a sensitivity of 5 nano-
seconds (nsec.) per small division. (At 278
kc, 1 degree is equivalent to 10 nsec.)

Each of the elements shown in Figure
10-1 contributes to the total envelope delay
distortion" (EDD) of the system. The EDD
is mostly parabolic and is inherent in the
bandpass characteristic of the system. Using
delay equalizers with the inverse character-
istic improves the cross modulation perform-
ance of the system for telephone operation
and differential phase for TV operation.
Delay equalizers have been provided for the

FmunE 10-22.--Envelope delay distortion of IF loop.

plifier combination. Figure 10-22 shows that
the EDD measured on the IF loops is neg-
ligible. Figure 10-23 shows the envelope
delay distortion measured on a satellite loop

on pass 200, January 8, 1963. This is typical
of several measurements made during the
testing period. In this case, the shape of the

EDD is made up principally of about 45
nsec slope and 30 nsec of parabola across
the 24 Mc band. In addition, a ripple of 5

to 6 Mc period and about 10 nsec duration
peak to peak appears superimposed on the
curve. No delay equalization has been pro-
vided for the RF portion of the system which
includes the ground transmitter, the satellite
and the RF portion of the ground receiver.

Differential Phase and Gain

Differential phase is a measure of the
phase nonlinearity of a system over the RF
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FIGURE 10-24.--Baseband loop differential gain,
standard FM receiver.

FW.UaE 10-23.--Envelope delay distortion of satellite

loop.

bandwidth corresponding to the frequency
deviation of the picture portion of the video
signal. Differential gain is a measure of the
amplitude nonlinearity of the system and is

due primarily to the baseband nonlinearity.
The measurements were made by trans-

mitting two test signals, one at a low fre-
quency (15.75 kc) adjusted to sweep ---+7

Mc at 74 Mc. The other, a fixed frequency
at 3.58 Mc applied at a power level 14 db
below that of the low frequency signal. The

FIGURE 10-25.--Baseband loop differential phase,

standard FM receiver.

test signals were applied to the video lines
in the test area. At the receiving end of the

system, the 15.75 kc tone drove the hori-

zontal sweep and either the gain or phase
variations of the 3.58 Mc tone may be se-
lected to drive the vertical sweep.

Figures 10-24 and 10-25 show the differ-

==
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ential gain and phase measured on the base-

band loop. Figures 10-26 and 10-27 show
the differential gain and phase measured

on the satellite loop. These are typical of
other measurements made during the testing
period. As can be seen from Figure 10-27

the differential phase was high, in the order
of 45 °. However, the system was not delay
equalized at RF and since the differential

phase and EDD are related, delay equaliza-
tion would reduce the amount of differential

phase in the system.

Noise Loading

The performance of a 600 channel multi-
plex telephony system can be approximated

by a noise loading test. For this test a broad
band of noise from 60 to 2660 kc was trans-

mitted from the test area at power levels
varying from --7 to --51 db. Three narrow

band stop filters centered at 70 kc, 1248 kc
and 2438 kc prevent the signal from being
transmitted in these bands. At the receiving

end of the circuit, the noise in a 3.1 kc band
centered at 70 kc, 1248 kc and 2438 kc was
measured as a function of the transmitted

power level. Noise (cross modulation + ther-

mal noise) was then plotted as a function of
the RMS deviation of a 0 dbm test tone at
0 toll level. The constants noted in Table

10-5 are applicable to the calculations.
Figures 10-28, 10-29, and 10-30 show the

results of measurements made with the

standard FM receiver without pre-emphasis
on the baseband, IF, and satellite loops. The

data used to obtain Figure 10-30 were taken
from 02:56:44 through 03:07:45Z time on

FIctraE 10-26.--Satellite loop--differential gain pass

339, 1/26/63--standard FM receiver.

FmURE 10-27.--Satellite loop--differential phase,

pass 339--1/26/63. Standard FM receiver.
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243fi kc

w

BASEBAND LOOP

o l I i I I
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FIguRE 10-28.--Relay pass 1963--600 channel noise

loading--baseband loop.
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FIGURE 10-29.--Relay pass 1963--600 channel noise

loading--IF loop.
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NOTES: THE STANDARD El&
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"[_ME: 02:56 TO 03:08 Z
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2438 kc

1248kc_
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RMS DEVIATION OF A O clbm 0 TEST TONE 251 5(]2 1{305 kc

FIaURE 10-30.--Relay pass 1963--600 channel noise

loading--satellite loop.

pass 1963. At 03:03Z time the range was
3144 statute miles and the spin angle was
73.6 °. The ground receiver and satellite
input powers calculated using the constants

given in Table 10-4 were --82 and --54.6
dbm, respectively.

The thermal noise calculated for a test
tone deviation of 502 kc was 35.8 dbRN "C"

message weighted, at 0 TL at the center
frequency of 1248 kc. The measured value
of the thermal noise from Figure 10-30 was
35 dbRN "C" message weighted. The total
noise measured (cross modulation plus ther-

mal) was 38.8 dbRN "C" message weighted.
The difference on a power basis represents
the cross modulation noise. In this case the
cross modulation noise was 36.5 dbRN "C"

message weighted.
Noise loading tests using the FM feedback

receiver were conducted on pass 858. The

results of these measurements are shown in

Figures 10-31, 10-32 and 10-33 representing
measurements made on the baseband, IF,
and satellite loops without pre-emphasis.

The data taken for Figure 10-33 were taken
at about 04 :llZ time. At that time the range
was 4006 statute miles. The ground receiver
and satellite input powers calculated using
the constants given in Table 10-4 were --84
and --56.6 dbm, respectively. The thermal
noise calculated for a test tone deviation of

502 kc was 38.3 dbRN "C" message weighted
at 0 TL at the center frequency of 1248 kc.
The measured value of the thermal noise
from Fi-gure=:10:3_: was 4(_.is_dloR_ "C" mes-
sage:_elg}i:_e_i]: _ _e _o{al-; nois_:n_ea_red

(cross modulation plus thermal) was 42.5
dbRN "C" message weighted. The difference

on a power basis represents the cross modu-
lation noise. In this case, the cross modu-
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NOTES: THE FM FEEDBACK RE(:.
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Iation noise is 38.2 dbRN "C" message

weighted.

Video to Audio Intermodulation

Audio noise measurements were previously
discussed for the condition where no video

signal was being received. When video ma-
terial is present, the audio noise increases
due to cross modulation resulting from the

nonlinearity of the overall system. The data
taken for the two passes previously used to
discuss audio noise is given in Table 10-8.

As can be seen from the data, considerable

degradation in the audio S/N ratio can be
attributed to the presence of the video signal.

TELEVISION TEST PATTERNS

Typical photographs of test patterns trans-
mitted through the Relay I satellite, selected
from the many taken on various passes, are

TABLE 10--8. Video-to-Audio Cross Modulation

Video signal

Pass 642

Stanbard receiver

Peak signal db
RM_ noi,qe

Program weighted

None .................. 63,0

Monoseope ............. 58.0

Stairstep ............... 58.5

Sin* pulse and window._. 57.0

Multiburst ............ 59 0

Pass 880

FM feedback receiver

Peak signal db
RMS noise

Program weighted

59.0-64.0

54.0

57.0

52.0

53 .O

presented in this section. Such photographs
afford a means of rapidly evaluating satellite

performance.

FM Feedback Receiver

Television test patterns are used to evalu-
ate the over-all transmission characteristics

of a satellite system._R_ay pass 880 was
used to photograph the multiburst, sine-

L
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8O

7O

6O

_ 50

o

3O

2O

10!

2438 kc NOTES: THE FM FEEDBACK REC

WAS USED - NO DIPLEXERS

CLAMPERS, OR PREEMPHASIS

1248%kc _ NETWORKS WERE ,NCLUDED

_ 70

o --L ......I
-60 -50 -40

RMS DEVIATION OF 0 dbm0TEST TONE 251

SATELLITE LOOP t

NORMAL TOLL LEVEL - 17.B db

AT TEST POINT

I I I
-30 -20 -10

TOLL LEVEL J J l

502 t050 kc

FIGURE 10-34.--Oscilloscope presentation of multi-
burst test pattern, Andover satellite up path.

FIGURE 10-33.--Relay pass 858--600 channel noise
loading--satellite loop.

squared pulse, stairstep, window and mono-

scope test patterns on the baseband, IF and

satellite loops. The FM feedback circuit used

included video clampers and audio diplexing

equipment. No video pre-emphasis or band-

limiting filters were included in the circuit.

Table 10-9 is an index of (Figures 10-34

thru 10-77). This table lists for each photo-

graph the type of signal, the loop used, the

receiver used and the type of presentation

and sweep rate where necessary. It can be

seen from the photographs that no appre-

ciable degradation of the signal can be

Figure 10-35.--Monitor presentation of multiburst
test pattern, Andover satellite up path.

attributed to the satellite except for the ex-
pected noticeable increase in noise. The band

limiting shown by the multiburst is due pri-

marily to the audio diplexing equipment

used. Included for direct comparison are

photographs of the test patterns before trans-

mission. Both oscilloscope and monitor photo-

graphs are included.
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T._Lg lO-9.--Pho_ographlc Index

_:_ [Re_ay Pass 880--April 5, 1963]

i

: T£:'4":"_2: Type of i

Figure No. signal Circuit Receiver Monitor ! Oscilloscope
!
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FIGURE 10-36.--Oscilloscope presentation of multi-

burst test pattern, Andover baseband loop satellite
down path.

FIGURE 10-37.--Monitor presentation of a multiburst

test pattern, Andover baseband loop satellite down

path.

FIGURE 10-38.--Oscilloscope presentation of multi-

burst test pattern, Andover IF FMFB loop satel-

lite down path.

FIGURE 10-39.--Monitor presentation of multiburst

test pattern, Andover IF FMFB loop satellite

down path.

FIGURE 10-40.--Oscilloscope presentation of a multi-

burst test pattern, Andover satellite loop satellite

down path.

FIGURE 10-41.--Monitor presentation of multiburst

Lest pattern, Andover satellite loop satellite down

path.
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FIGURE 10-42.--Oscilloscope presentation of sine

squared test pattern, Andover satellite up path.

FIGURE 10-43.--Monitor presentation of sine squared

test pattern, Andover satellite up path.

FIGURE 10-44.--Oscilloscope presentation of sine

squared test pattern, Andover baseband loop satel-

lite down path.

FIGURE 10-45.--Monitor presentation of sine squared

test pattern, Andover baseband loop satellite down

path.

FIGURE 10-46.--Oscilloscope presentation of sine

squared test pattern, Andovev IF FMFB loop
satellite down oath.

FIGt!RE 10-47,--Monitor presentation of sine squared

test pattern, Andover IF FMFB loop satellite

down _ath.
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FIGURE10-48.--Oscilloscopepresentationof sine
squaredtestpattern,Andoversatelliteloopsatel-
lite downpath.

FIGURE10-49.--Monitorpresentationofsinesquared
testpattern,Andoversatelliteloopsatellitedown
path.

FIGVaE10-50.--Oscilloscopepresentationof stair
steptestpattern,Andoversatelliteuppath.

FIGURE10-51.--Monitorpresentationof stairstep
testpattern,Andoversatelliteuppath.

FIC,URE10-52.--Oscilloscopepresentationof stair
steptestpattern,Andoverbasebandloopsatellite
downpath.

FIGURE1053.--Monitorpresentationof stairstep
test pattern,Andoverbasebandloopsatellite
downpath.
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m

FIGURE i0"54. OscillOscOpe presentation of stair FIGURE 10-55.--Monltor presentation of stair step

step test pattern, Andover IF FMFB loop satellite test pattern, Andover IF FMFB I00p Satellite

down path. : down path. ..........

I_I_URE10-:$6. 0scilloscop_resentatibn o_'the-stair

step test pattern, Andover satellite loop satellite

down path.

L

FmURE 10-57. ]VIonltdr presenfat[on oT stair step

test pattern, Andover satellite-loop satellite down

path.

m

r

E
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FIGtraE10-58.--Oscilloscopepresentationof window

test pattern, Andover satellite up path.

i

FIGURE 10-59.--0scilloscope presentation of window i
test pattern, Andever satellite up path.

FIGURE 10-60.--Monitor presentation of window test

pattern, Andover satellite up path.
FIGURE ]0-(;1.--Oscilloscope presentation of window

test pattern, Andover baseband loop satellite down

path.

FIGURE 10-62.--Oscilloscope presentation of window

test pattern, Andover baseband loop satellite down
path.

FIGURE 10-63.--Monitor presentation of window test

pattern, Andover baseband loop satellite down

path.
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FIGURE 10-64.--Oseilloscope presentation of window FIGURE 10-65.--Oscilloscope presentation of window

test pattern, Andover IF FMFB loop satellite down test pattern, Andover IF FMFB loop satellite

path. down path.

FIGURE 10-67.--Oscilloscope presen.tatlon of window
test pattern, Andover satellite loop satellite down

path.

±±: --_-

path.

FIGURE 10-68.--Oscilloscope presentation of window

test pattern, Andover satellite loop satellite down

FIGURE 10-69.--Monitor presentation of window test

pattern, Andover satellite loop satellite down path.
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FIGURE 10-70.--Oscilloscope presentation of mono-

scope test pattern, Andover satellite up path.

FIGURE 10-71.--Monitor presentation of monoscope

test pattern, Andover satellite up path.

FIGURE 10-72.--Oscilloscope presentation of mono-

scope test pattern, Andover baseband loop satellite

down path.

FIGURE 10-73.--Monitor presentation of monoscope

test pattern, Andover baseband loop satellite down

path.
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FICVRE 10-74.--Oscilloscope presentation of mono-

scope test pattern, Andover IF FMFB loop satel-

lite down path:

FIGURE 10-75.--Monitor presentation of monoseope

test pattern, Andover IF FMFB loop satellite

down path.

FIGURE 10-76.--Oscilloscope presentation of mono-

scope test pattern, Andover satellite loop satellite

down path.

FIGURE 10-77.--Monitor presentation of monoscope

test pattern, Andover satellite loop satellite down

path.

H

i

:::=' v? .....
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Standard FM Receiver

Photographs of television test patterns

were taken on pass 2070. The circuit used in

this case included the standard FM receiver,

video clampers and audio diplexing equip-

ment. No video pre-emphasis or band-limit-

ing filters were included in the circuit. Table

10-10 is an index of Figures 10-78 thru

10-109. This lists the figure number, the

type of signal, the circuit (the baseband, IF,

boresight or satellite loop), the receiver and

the type of presentation. Again it can be

said that no appreciable degradation can be
attributed to the satellite and that the band

limiting shown by the multiburst is due pri-

marily to the audio diplexing equipment used.

TABLE lO-lO.--Photographic Index

Relay Pass 2070--Test Patterns

Figure No.

10-78
10-79
10-80

10-81
10-82
I_83

10-84
10-85

10 86

10-87

10-88

10-89
10-90

10-91

10 92

10-93

10-94

10-95
10- 96

10 97

l 0- 98

l0 99
10-100

10 101

10-102

10-t03
10 104

10-105

10 106

10 107

10 108

IO- 109

Type of
signal

Monoscope
_c

Multiburst
_c

Window

Stairstep

Monoscope

Multiburst
[[

Window
_t

Stairstep
u

Monoscope
u

Multibursi
a

Window

Stairsiep
cl

Monoscopc
u

Multiburst
u

Window
[l

Stairstep

Receiver
Type of
circuit

Standard
u

4¢

t(

ft

u

u

u

st

tc

a

u

ii

_t

u

u

u

_c

[i

tt

Baseband loop
a

f[

u

IF loop
t[

u

u

Boresight loop

u

u

Satellite loop

Monitor

4

,/

,4

,/

'4

,/

,/

,/

4

4

,/

4

,/

,/

Oscilloscope

q

4

_t

q

4
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FIGURE 10-78.--Monoscope pattern--standard

receiver--baseband loop.

FIGURE 10-79.--Monoscope pattern--standard

receiver ]Saseband loop.

FmUaE 10-80.--Multiburst pattern " Stan_lard

receiver--baseband loop.

FIGURE 10:ST.-_'S_: pattern--standard

receiver--baseband loop.
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FIaURB 10-82.--Window pattern--standard

receiver--baseband loop.
FIGURE 10-83.--Window pattern--standard

receiver--baseband loop.

FIGURE 10-84.--Stairstep pattern--standard FIGURE 10-85.--Stairstep pattern--standard

receiver--baseband loop. receiver--baseband loop.
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- : =:-

FIGURE 10-86.--M0noscope pattern--standard FIGURE ]_-87.--Monoscope pattern--standard

receiver--IF loop. receiver--IF loop.

FIG_E 10-88.--Multiburst pattern--standard

receiver--IF loop.

F Ic,UaE 10-89.--Muitiburst_ pa(tern--st a ndard

receiver--IF loop.

W
E
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FIGURE 10-90.--Window pattern--standard

receiver---IF loop.

FIGURE 10-91.--Window pattern--standard

receiver--IF loop.

FIGURE 10-92.--Stairstep pattern--standard

receiver--IF loop.

FIGURE 10-93.--Stairstep pattern--standard

receiver--IF loop.
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FIGURE 10-94.--Monoscope pattern--standard

receiver--boresight loop.

FIGURE 10-95.--Monoscope pattern--standard

receiver--boresight loop.

I
!
i

FIGURE 10-96. Multlburst pattern standard

receiver boresight loop.

FIGURE 10-97. Multlburst pattern standard

receiver boresight loop.

.5..

=
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FIGURE 10-98.--Window pattern--standard

receiver--boresight loop.

FIGURE 10-99.--Window pattern--standard

receiver--boresight loop.

FIGURE 10-100.--Stairstep pattern--standard

receiver--boresight loop.

FIGURE 10-101.--Stairstep pattern--standard

receiver--boresight loop.

FIGURE 10-102.--Monoscope pattern--standard FIGURE 10-103.--Monoscope pattern--standard

receiver--satellite loop, receiver--satellite loop.
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FIdURE]0-]04:Muitiburstp_ttei-nstandard
: ::_ _reee_versatellite_90P.

FIGURE10"105.--Multiburstpattern--standard
receiversatel-1]te-|oop.

FIGUREi0-1O61--Windowpattern--standard
receiversatelliteloop.

FIGURE10-107.---Window16a_rn--standard
receiver--satelliteloop.

FIGURE10-108.--Stairstep pattern--standard

receiver--satellite loop.

FmURE 10-i09._Stairstep patfern: standard

receiver--satellite loop.
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TWO-WAY TELEPHONY

Tests to evaluate two-way telephony per-

formance require coordination of many meas-

urements at widely separated stations. To

insure valid data, many two-way telephony

tests were conducted with Pleumeur-Bodou,

France, and Goonhilly Downs, England dur-

ing the months of November and December

of 1963. Typical results are presented in

Table 10-11.

Insertion Gain

Insertion gain measurements are tabulated

in Table 10-11. The transmitting station,

pass, and the date are also listed. The data

indicates that minor adjustments at the chan-

nel banks can easily correct for the minor

deviations from nominal level.

Channel Noise

Channel noise was measured during the

two-way telephony tests conducted with Pleu-

meur-Bodou, France and Goonhilly Downs,

England. For these tests, the "L" carrier

multiplex equipment was used (60 to 108

kc). The station transmitting frequencies

and the deviations used are listed in Tables

10-1 and 10-2, respectively. Typical noise

measurements made on the baseband loop

are tabulated in Table 10-12. Noise measure-

ments made during the pass are tabulated in

Table 10-13. Also included in Table 10-13

is the date, time of measurement, cooperating

station, range, spin angle, noise tempera-

ture, etc. Using these constants the expected

noise channel 1 was calculated for each pass

and is presented in Table 10-13. The average

increase in noise measured over that which

could be expected with an ideal triangular

spectrum was 5.7 db. This is in agreement

with the 5.0 difference indicated in Figure

10-19.

Intelligible Crosstalk

The simultaneous amplification of two FM

signals in a single satellite repeater will re-

TABLE lO-11.--Insertion Gain--db

Pass ..........

Channel 1.....

3 .....

5 .....

7 .....

9 .....

11 .....

Station .......

Date .........

2613

+0.5
+0.5

+0.1

+0.8

+0.5
+0.5

COMBOD

11-14-63

2621

+0.0

+0.0

+0.0
--0.2

+0.6
-0.2

COMHIL

11-15-63

2644

+0.5

COMBOD

11-18-63

2652

+0.2
+0.O
+0.0
--0.5

+0.4
-0.5

COMHIL

11-19-63

2761

+0.2

+0.1

+O.2
+0.0

+0.6
+0.0

COMHIL

12-3-63

2768

+0.0
-0.1

-0.5

+0.3

+0.0

+0.0
COMBOD

12-4--63

2776

+0.4
+0.2
+0.2
-0.1

+0.7
+0.0

COMHIL

12-5-63

2784

+0.1
+0.0
-0.4

+0.3
+0.1

+0.0
COMBOD

12-6-63

Pass ..........

Channel 1 .....

3 .....

5 .....

7 ....

9 .....

11 .....

2613

27.5

27.5

29.5

_.5

30.0

29.5

2621

24.0
24.5

25.0

25.0

25.0

24.5

TABLE lO-12.--Baseband Loop Noise

DBRN* at 0 Toll Level

2652

24.0

25.0

25.5
25.5

25.0

25.0

2644

25.0

25.0

25.5

25.0

25.0

25.0

2761

24.0

25.0

26.0

26.0

26.0

25.5

2768

25.0

25.0

26.0

28.0

27.0

29.0

2776

24.0

24.0

25.0

26.0
26.0

25.0

2784

24.5

24.0

25.5

26.0

26.0

25.5

*"C'Message Weighted.
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TABLE lO-13.--Satellite Noise--Andover

[Dbrn* at 0 toll level]

513

m
m

E

E

Pass___ ...............
Channel 1...........

3.....
5 ..... _: --

7 .............

9 .............

11 .............

Date .................

Time Z ...............

Cooperating station ....
COMBOD or COMHIL:

l_nge-statute ml .....

Spin angle ...........
ANDOVER:

Range-statute mi .....

Spin angle ...........

Noise temp.--°K .....
SATELLITE:

Trans. power ........

Noise figure .........
Channel 1 noise calcu-

lated assuming a

triangular spectrum_ _

2613

30.0

30.0

30,0

30.5
31.5
32,0

11-14-63
15:17

COMBOD

6040

79.4 °

4268

46.0 °

31.5 °

33.7 dbm

14,0 db

24.9

2621

30.0
29.5

29.0
29.0

28.0
28.0

11-15-63

15:54

COMHIL

6690

73.8 °

4485
54.1 °

37.0 °

25.2

I
2644

I 32.0

30.0
33.0

30.5
32.5
30.5

11-18-63

14:52

COMBO]_

6050

68.8°

4330

45.2 °

34.0 °

24.9

*"C" Message Weighted.

sult in crosstalk from one carrier to another.

The mechanism is such that with reduced
circuit noise, intelligible crosstalk will occur

from a particular telephone channel on one
carrier to the corresponding channel on the
other carrier. No difficulty was actually en-
countered in the two-way telephony tests
conducted to determine the crosstalk loss.
One such test was conducted on Relay pass
819. The tests were run from 03:51 through

04:14Z time on March 28, 1963.
The data taken, along with the results

2652
29.0

28.5

28.5

28.5
27.5

27.0

11-19-63
15:33

COMHIL

6360

69.9 °

4361

47.4 °
36.0 °

25.3

2761

33.0

32,0
32.0
32.0
31.0
31.5

12-3-63

15:53

COMHIL

6040

64.5 °

4096
40.1 °
91.0 °

25.8

2768

31.0
31.0

31.0

30.0

31.0

31.0

12-4-63

13:14

COMBOD

5950
65.7 °

4516

41.7 °

52.0 °

25.5

2776
30.5
30.5
30.0
29.0
28.0

27.5
12-5-63

14:01

COMHIL

5760
63.4 °

4359
38.3 °

33.5 °

23.9

2784
30.5
30.5

30.0
30.0
31.0

30.5

12-6-63

14:50

COMBOD

5580

62.4 °

4089
37.5 °

31.0 °

24.9

obtained, are given in Table 10-14. The

conditions ::u_-der-_l/ich measurements were
made are also tabulated. The signal to cross-

talk level _|s_}abulated along with the signal
to noise level: The data indicate that the
crosstalk level is not a function of the devia-

tion but that it is a function of frequency.
The crosstalk increases at about 6 db per

octave of frequency regardless of the devia-
tion used. The signal to crosstalk level is
minimum at 400 kc and was measured at

33.6 db.

T:-

t

m

,=
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TABLE lO-14.--ReIay Pass 819--InteUigible Crosstalk

Time Z And
trans

03:51 100 kc

52 100 kc

53 CC*
54 CC

55 200 kc
56 200 kc

57 CC

58 CC

59 400 kc

04:00 400 kc

01 CC

02 CC

03 100 ke
04 100 kc

O5 CC

O6 CC

07 200 kc
08 200 kc
O9 CC

10 CC

11 400 kc

12 400 kc
13 CC

14 CC

37B TMS .[ Signal to
noise
level

55.4

56.4

51.4

52.3

49.3

45.1

*CC = Complementary Channel.

AUTHOR. This chapter was written by R.

E. BLATZ Of the Bell Telephone Laboratories,
Inc., Murray Hill, New Jersey, U.S.A. under

Western Electric Corporation contract NAS
5-1987 with NASA/Goddard Space Flight
Center.



The Nutley Ground Station

_ :7_: _-z_i_: :_ :

- INTRODUCTION

In 1960, a Space Communications Station
was placed in service on the grounds of the

IWW Federal Laboratories in Nutley, New
Jersey. This station was a company:funded

research facility intended to evaluate the
feasibility of using Moon-echo and repeater-
satell[te relays as a means of establishing
intercontinental communications on a com-
mercial basis.

Communication and analytical tests were
the two broa d classes of experiments con-

sidered in establishing basic station require-
ments. For the analytical tests, the station
was _ equipped to measure and record fre-

quency; power, and modulation.
For the communication tests, transmitters,

receivers, and traffic terminal equipment
were installed. These were compatible with
several existing and planned satellites, in-
cluding the moon. As indicated in Figure
11-1, the transmitter power required for
active satellites is normal, ranging from 0.1
to 10 watts per voice channel. However, to

accommodate passive satellites such as the
moon for store and forward teleprinter

transmission, considerably higher powers are
required. Further, economical antenna size
requires transmitters of higher power than
indicated by the active-satellite analysis. For
these reasons, a 10-kilowatt transmitter and

a 40-foot (12.2-meter) antenna were se-
lected.

: 515

i:

Chapter 11

: [- : :

PARTICIPATION IN: pROJECT RELAY

Early in 1961, ITTFL was invited by
NASA tO partiCipate in the Project Relay
communication satellite program. To accept
this invitation, modifications were required
to make the Station compatible with the

100

._ t0

&

_j 1.0
w

N

o

0.1

REQUIRED GROUND STATION
TRANSMITTER POWER

ASSUMED GROUND

STATION PARAMETERS
ANTENNA DIA. = 40 FT.

SATELLITE NOISE FIG. = 8db

 ATELLITERATIO

/ DIRECTIVE ARRAY ON

SATELLITE)

DIRECTIONAL ARRAY ON SATELLITE (APPROX.)

@

(COMMUNICATION IMPOSSIBLE)

2 6

5,000 I0,000 15,000 20,000

ORBIT ALTITUDE (statute miles)

FIaUtlE 11-1.--Transmitter power vs. orbit attitude.
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Relay system requirments as detailed in the
NASA "Relay Ground Station Requirements
R1-0240."

The following sections contain a descrip-
tion of the ITTFL Space Communications

Research Station as modified for Project
Relay.

STATION DESCRIPTION

There are 6 major equipment categories in
the ground station: transmiter, communica-
tion receiver, terminal equipment, antenna
and tracking system, coordinating facilities,

and special test equipment.

Transmitter

The transmitting system includes the local
oscillator, frequency modulator, and 10-kilo-
watt power amplifier. The local oscillator
and frequency modulator are part of an
ultra-high-frequency exciter similar to the
one used in the Courier satellite program.
The local oscillator uses a vacuum-tube mul-

tiplier chain to generate_a frequency 70 Mc
above the required carrier frequency from
an oven-controlled crystal accurate to 5 parts
in 106. The frequency modulator generates
a 70 Mc carrier with a peak-to-peak devia-
tion of up to 2 Mc. A 12-channel pre-em-
phasis network that meets the requirments

of the International Consulting Committee
on Radio (CCIR) is included in the modu-
later input circuit.

The exciter is also used at 2300 Mc for

moon reflection experiments with the sub-

stitution of an appropriate oven-controlled
crystal.

The power amplifier uses a Varian type-
800E klystron to generate a continuous-wave
output of 10 kilowatts from the 50-miliiwatt

carrier input. To minimize local interference
and satisfy the Relay system requirement
for harmonic content of the transmitter out-

put, a 3-Gc low-pass filter was inserted in

the: waveguide. The output frequency of
the power amplifier is 1723.33 Mc for Relay
experiments. The klystron is connected to
the antenna by WR-430 waveguide through

wideband rotary joints and operates within

the band from 1720 to 2400 Mc. The wave-

guide system is pressure dehydrated at 0.5-
pound per square inch gauge. Power is ra-
diated with right-hand circular polarization

for Relay and linear or circular polarization
for moon reflection experiments.

The transmitter output can be switched
to water-cooled dummy load for testing and

for standing by. The power amplifier is de-
signed to turn on semi-automatically and has
fully automatic fault detection and protec-
tive action.

Communication Receiver

Performance characteristics for the Relay

communication receiver are given in Table
11-1.

TABLE l l-1.--Communication Receiver Performance

Relay experiment frequencies in Mc ................

System noise temperature in degrees Kelvin .........

Intermediate frequencies in Mc ....................

Carrier-to-nolse ratio at thresho]d in db .............

Intermediate-frequency peak-to-peak deviation in Me

Acquisition range in Kc ..........................

Baseband width in Ke .........................

Internmdulatlon noise-power ratio in db (12 channels)

4165 and 4175

360

60 and 70

7,2

1.2

±8OO

0.3 to 400

5O

The equipment used with Relay includes
a parametric amplifier and a dual commu-
nication receiver. The parametric amplifier
with its associated mixer-preamplifier and
local oscillator is mounted in an air-condi-

tioned enclosure close to the apex of the
40-foot paraboloidal reflector. This mini-
mizes the length of waveguide between feed
and amplifier and eliminates loss rotary
joints. As a result, the system noise tem-

perature is 360 degrees Kelvin. The para-
metric amplifier and its mixer-preamplifier
have a combined l-decibel-down bandwidth

of 14 Mc, centered at 4170 Mc. Thus both
carriers, one at 4165 and the other at 4175

Mc, can be accommodated without band
switching. The local-oscillator frequency is
4105 Mc, giving intermediate frequencies
of 60 and 70 Mc after conversion. These are

supplied to the dual communication receiver
where they are separated and then amplified.
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Demodulation takes place in a phase-locked

loop and a wideband limiter-discriminator,

Terminal Equipment

The terminal equipment (Figure 11-2) in-

cludes multiplex, recorders, signal gener-

ators, meters, and patching facilitieS: ....

The multiplex equipment is =a 24-channel

unit. Presently, only the 12-channel group

from 12 to 60 Kc is in use for Project Relay.

A 7-track Ampex recorder will respond

directly to frequencies as high as 50 Kc.

Using a frequency modulation subcarrier, it

will record signal frequencies as high as 4

Kc. The Ampex was used to record experi-

mental data for later analysis.

An 8-channel Sanborn recorder: re_isters

air-conditioned microwave-electronics pack-

age is mounted close to the horn structure
and moves with the antenna. Table 11-2

3ummarizes: the performance of the antenna
_nd tracking system.

The tracking:receiver and communication-
receiver fr0fit ends are mounted in the micro-

wave-electrb-n_cs package. All receiver

frequencies are con;certed to an intermediate

frequency of 60 or 70 Mc before they leave

the microwave-electronics package. In addi-

tion, there is _pace for a 10-kilowatt power

amplifier covering the 6-Gc band.

Two feed systems are presently in use. One

is the 2-horntransmitting feed. The other

is a 4-horn monopulse receiving system with

three outputs. Of the three outputs, one is

antenna pointing errors, received signal the sum of the outputs from all 4 horns and
strengths, and other pertinent data. the other two are the algebraically derived

For teleprinter experiments, 3 audio-fre- evaluation and azimuth difference outputs,

quency-tone keyers with matching=demodu- .... Which are used in a simultaneous amplitude-

lators are used. The keyers=can be operated comparison technique to generate antenna

from a keybord or a punched-tape-reader_ pointing-error information. The sum output,
The demodulators can supply eitlaer o_ _tw0 at 4165 and 4175 Mc, goes to the communica-

page printers or a tape punch. ........ -_ tion-receiver parametric amplifier through

To handle telephone conversations via the one arm of a diplexing filter and, at 4080 Mc,

satellite, eight 2-wlre telephone lines are

connected to the multiplex equipment through

4-wire terminations. .........
A 4-wire data line connects the station at

Nutley to American Cable and Radio Cor-

poration in New York City. Th_S link is used

for high-speed data-transmisslon experi-
ments and multichannel teleprinter experi-

ments with the satellite.

Antenna and Tracking System

The antenna and tracking system may be

divided into the following:
• Antenna structure

• Servo control system

• Automatic-tracking receiver

The antenna uses a 40-foot (12.2-meter)

paraboloidal reflector with a Cassegrainian

feed system. The horns are located at the

apex of the reflector and can be replaced or

supplemented for transmission at either 6 or

8 Gc. A hyperboloidal secondary reflector

provides a virtual focus near the apex. An

to the tracking-receiver sumchannel mixer

through the second arm of the filter The two

difference outputs, at 4080 Mc, go directly

to their respective difference-channel mixers

with no preamplifica_lbn. The noise figure
of the mixer and intermediate-frequency

preamplifier is 8 decibels.

To obtain an acquisition sensitivity at 4080
Mc of --128 decibels referred to 1 milliwatt,

the sum or reference signal is detected in a

narrowband phase-locked loop centered at

9.8 Mc. A quadrature phase detector pro-

vides automatic gain control.

The phase-locked oscillator in the sum
channel acts as the local oscillator for all

three channels of the tracking receiver,

thereby reducing frequency-modulation noise

in the difference channels. Coherent detec-

tion with post-detection filtering to 10 cps is
used in the difference channels to achieve a

low-noise tracking error signal.

The antenna is driven along each axis of

its mount by a pair of contrarotating con-

_z_-
::::: - -- :: ?--
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TABLE ll-2.--A ntenna and Tracking System Performance
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Tracking system

O_ia_iona| modes .................

Maximum rates along each axis in

degrees per second_ : ::.___::S__: ... 10

Maximum accelerations along each

axls in degrees per second per second fi

Maximum operational wind speed in

mi]ee per hour ..................

Tracking accuracy along each axis in

degrees: L

Automatic tracklng ..... : ........

Programmed traeklng___ ..........

Angle-tracking receiver:

Signal frequency in megacyeies

-- per seeond:..

Locai-oseillator frequency: _fi

megacycles per second ............

intermediate frequency in

megacyelee per second ...........

Mixer type_. _-_ ---S-----?; .......
Conversion less i_ _eeibels ..........

Noise figure in dec_cls .............

Average signal level in decibels

referred to i mill[watt .... J_....

Loc_l-osgiflator signM !evel in
milllwntts ................. __ .... 1

Ban_widih in' megacycles per second 2

[mp_nee ievd ih-_n____: ::: .... 50
Mqn]mum isolation in deeibel_s

=-between s_gnal and local oscillator

circuits ........................ 30

Spurious outpa_Tn decibels_: : .T____.
Freqiiency search" modes .... -_ .....

Frequency search characteristics:

Maximum excursion _n kl]ocyctes

per second .....................

Maximum rate in megacycles per

second per second ................

Automatic (normal or rate

memory) and n,qnual

tracking

35 (with gust factor of 1.25)

0A0
0.I0

4080

4010

70

Crystal, nonlinear resistance

10

8

- 120

-- 60

Open loop, manual; closed

loop, manual; closed loop,

automatic

150 manual; 200 automatic

4.5 (automatic)

Antenna characteristics

Communications antenna:

Reflector diameter in feet (meters)_ 40 (122)

Type ........................... Casscgrainmn

Mount .......................... Elevation over azimuth

Frequency range in megacycles

per second:

Transmit ..................... 1710 to 2300

Receive ................. _ __ __ _ 4000 to 4200

Antenna characteristics (continued)

Gain in decibels:

Transmit (1725 Me) ..............

Receive (4080 Me) ...............

Beamwidth at 3-decibel-down points

in degrees:
Transmit .......................

Receive .........................

Side lobes in decibels:

First-order ......................

High-order (beyond 4th) ..........

Polarization .....................

Transmitter power in kilowatts ......

Antenna control:

Boresight collimation in degrees ....

Tracking accuracy in degrees ........

Static pointing accuracy in degrees_..

Maximum tracking speed in degrees

per second ......................

Maximum angular acceleration in

degrees per second per second ......

Minimum tracking speed in degrees

per second ......................

Maximum operational wind speed in

miles per hour ...................

Operation modes ...................

38.4±1.0

49.I±0,8

I

0.45

-- 15 or tower

--30 or tower

Circular (right-hand or

left-hand or linear)

10

0.05

0,1 (3. error)

0,2 (3¢ error)

10

0.01

35
Manual

Beacon automatic tracking

with acquisition scan

Programmed tracking

Rate memory and

reacquisition

VHF beacon receiving system

Very-high-frequency receiver:

Operating frequency in

megacycles per second ......... 55 to 260

Noise figure in deelbels ............. 6

Intermediate-. frequency-bandwidth

in kilocycles per second ........... 50

hnage rejection in decibels .......... 45

Dynamic range in decibels ........... 60

Very-hlgh-frequency antenna:

Frequency range in megacycles

per second ...................

Gain in decibels (at 136 megacycles

per second) ......................

Bandwidth in degrees (at 136

megacycles per second) ...........

Side lobes in decibels:

First-order......................

Higher-order (beyond 4th) ........

Polarization ..............

135 to 138 (receive only)

+16

2O

-- 15 or lower

-30 or lower

Circular (right-hand or

left-hand or linear)

stant-speed alternating-current motors with
eddy-current clutches on their output shafts.
A 2-speed synchro system provides high-
accuracy position feedback with a static

pointing accuracy of ±4 minutes of arc.
A very-high-frequency receiver is avail-

able to acquire ai3_-Mcbeacon signal from
a satellite before line-of-sight acquisition is

achieved. Orbit prediction accuracy has
made the receiver superfluous at Nutley since

very reliable acquistion has been possible at
the 4 kMc beacon frequency. However, the
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very-high frequency technique is being stud-
ied for application to mobile and transport-
able stations in uncharted areas.

The very-high-frequency antenna is a
crossed dipole mounted in front of the 6-foot
(1.8 meter) secondary reflector. This prox-
imity to the primary focus of the 40-foot
(12.2 meter) paraboloid yields a gain of 16
decibels at the beacon frequency.

Coordinating Facilities

Coordinating facilities are used mainly

during satellite passes to regulate operations
with other stations and National Aeronautics

and Space Administration headquarters.
These include the following:

1. The communication control console,

which allows its operator to turn the exciter
on and off, to insert test signals into the
system before a pass, to monitor received
signal strength and receiver phase lock, and
to turn the paper recorder on and off. It
also has a 24-hour digital clock indicating
universal time.

2. An intercommunication and public-ad-
dress system.

3. A tape recorder for the intercommuni-
cation system.

4. A telephone handset connected to one
of the multiplex channels during a pass to
coordinate experiments with the remote sta-
tion.

5. A direct telephone link to NASA/GSFC
for real-time test coordination.

Special Test Equipment

A test mode generator provides a signal
at 4080 Mc to check tracking-receiver opera-
tion. Also, when supplied with a 1723-Mc

communication signal, it produces an output
at either 4165 or 4175 Mc having three times
the frequency-modulation deviation of the
input signal, for testing the dual communica-

tion receiver. These signals are coupled di-
rectly to the three antenna outputs by
directional couplers to simulate received sig-
nals in the presence of antenna noise.

A replica of the equipment in the Relay
satellite is mounted on the 88th floor of the

Empire State Building in New York City
with receiving and transmitting antennas

oriented J.oward Nutley. This enables a com-
plete system check, including performance of
the dynamic tracking system, receiver sys-
tern, and modulator-transmitter.

STATION APPLICATIONS

Initially, the ground station (Figure 11-3)
was used in tracking and acquisition experi-

FIGURE ll-3.--Basic medium capacity facilities.

ments, and in communication experiments

using the moon as a passive reflector. At
present, under contract to the National
Aeronautics and Space Administration, the

station operates as a medium capacity ex-
perimental communication terminal with the
Relay satellite. To meet the requirements of
this program, the station has been modified
and expanded. Frequencies have been

changed and telemetry, command, and con-
trol added (the latter government supplied).
The expanded station is shown in Figure
11-4.

Station Facilities and Equipment

The equipment available at the Nutley sta-

tion for performing experiments and carry-
ing out demonstrations includes internal test
equipment, outside telephone lines, and equip-
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FIGURE 11-4.--Project Relay communication terminal.

ment located at American Cable and Radio
in New York City, available for multichannel

teletype and high speed digital data experi-
ments.

Interconnectlons

All interconnections for test!ng are han-
dled by a central patching facility. This
facility uses 75-ohm video jacks for connec-

tions to transmitter, receiver, tape recorder,
signal generators, and metering facilities.
Phone jacks are used for connections to the
multiplex equipment, external telephone
lines, teletype equipment, and auxiliary am-
plifiers. The patchboard was designed for

maximum flexibility and for shortest possible
point-to-point connections.

Internal Test Equipment

'This category includes equipment that is
phsysically located within the station. In-
cluded are several types of voltmeters and
signal generators, test sets for measuring
intermodulation with White noise and for

521

measuring delay distortion, teletype tone
keyers and demods, a 12-channel telephone
multiplex, and three recorders.

The equipment satisfies experimental and

operational requirements for the Relay pro-
gram and provides maximum flexibility for
future programs.

A list of this equipment with major speci-
fications follows :

1. Test Indicators

a. Hewlett Packard Type 400H Vacuum
Tube Voltmeter
Amplitude range- 0.003v to 300v

RMS

Frequency limits--10 cycles to 4 Mc
Accuracy--±2% to 1 Mc

_±5% to 4 Mc
Z input --10 megohms

b. Wandel and Golterman Selective

Voltmeter Type TFPM-76
Frequency range--2 kc to 1.5 Mc

c. Ballantine Model 320 True RMS
VTVM

_T Frequency characteristic--5 cps to
.... _-_:_"_:=_:_500 kc

Amplitude accuracy--±3%, 15 cps
..... _o 150 kc

::: --±5%, 5 cps
to 15 cps

--_+5%, 150 kc
to 500 kc

Amplitude range --80 to +50
dbv

Z_.--10 megohms
d. Tektronix Type 512 Oscilloscope

Vertical amp. passband--dc to 1
Mc

Vertical sensitivity- .005v/cm to
50v/cm

Horizontal sensitivity--l.5v/cm
e. Hewlett Packard Type 522B- Elec-

tronic Counter

Frequency response--10 cps to 120
kc

Frequency accuracy-- ±1 count -
time base accuracy

Frequency stability--10 pp million
Minimum input ampiitude -- 0.2v

RMS
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f. SanbornModel850 Paper Recorder
8 analog channels
6 event marked channels

8 writing channels:

Frequency characteristic -- 125 cps
max.

Sensitivity--0.005v/div on 50 divi-
sion 4-cm wide paper

Z input--5 megohms
6 event markers

Sensitivity--l.Sv at 1 ma for de-
flection

2. Signal Generators

a. Gruen Model PSG-1 Pulse and

Square Wave Generator
Frequency range---1 cps to 1 Mc
Accuracy--±2 %

Pulse width--0.3 _sec to 0.3 sec
Accuracy--±2%

Output amplitude--9v into 100 ohms
peak-to-peak

--45v into 500 ohms

peak-to-peak

b. Hewlett Packard Type 650A Test
Oscillator (2 units)
Frequency range--10 cps to 10 Mc

Frequency accuracy--±2% 10 cps to
100 kc

±3% 100 kc to
10 Mc

Amplitude---3v max. into 600 ohms
Accuracy--_l db ±5% of full scale

3. Test Sets

a. Marconi Noise Measuring Set
Consists of :

(1) 1225A Noise Receiver
Receiving frequencies 14 kc, 34

kc and 56 kc

Bandwidth (effective)--1200 cps
Amplitude -- noise power ratios

from 0-100 db in 1 db steps
N.F.--13 db

_,_ -- 75 ohms

(2) TM 5774 Band Stop Filter Unit
Stop frequencies--14 kc, 34 ke

and 56 kc
Bandwidth--3 kc

Rejection--80 db

(3) 1225B Noise Generator
Noise band--12 kc to 60 kc

Noise amplitude--minus 2 dbm
to _-4.9dbm

--plus 4.9 dbm
to -}-17.0 dbm

_out--75 ohms

b. Western Electric Delay Measuring
Set (J68347)
Consists of :

(1) Delay Exciter (generator)
Output frequencies--100 cps

--277.778 cps

Output amplitudes--100 cps
8v into open
circuit

--277.778 kc

0.3v into
75 ohms

(2) Delay Detector

Delay -- d4_/df--O to 300 nsec
Accuracy--±2 nsec at _ 75 nsec

--_2% at _ 75 nsec
Input amplitude---100 cps, 0.5v

rms
---277.778 kc,

0.005 v RMS

Delay output,--10 nsec/degree
phase

--25 nsec/inch Y
deflection

4. Telephone Multiplex
Standard Telephone and Cables No.
8041

12 channel multiplex system
Audio characteristic -- 250 to 3300

cps
Audio level input--14 dbm, 600 ohms
Audio level output---0 dbm, 600 ohms

Audio Z input---600 ohms
Audio Z output--600 ohms
Baseband characteristics--12 kc to

60 kc

B.B. transmit level--0.027 volts (mi-

nus 20 dbm) 75 ohms

B.B. receive level--0.019 volts (mi-

nus 23 dbm) 75 ohms
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5. Teletype Keyers and Demod .... d, Teietype:Cor])oration Model 28 R/O
a. Mackay Radio CNY 2130 and CNY (Page printer only)

:::: :: 2131 .... Operating sp_d--_0 bauds
: (1) Tone Keyer CNY 2130 ........ =

Frequencies _lV[ar_ 1155 cps ....... O_t,ldeTelephoneLines
--Space 1055 There are eight 2-wire lines conected to

: _ Output level--14 dbm_ 60()-:ohms the company PBX-w_hich can be connected
(2) Tone Demod ......... with the Nutley cefi_ral office by dialing a

Frequencies--as above _ == code number. These lines are terminated in
Input level--0 dbm, 60()ohms: a standard headset. They may be terminated

b. Northern Radio (1 channei:=duafcli: in a hybrid by thr0wing a switch. The 4-

versity)
Keyer type 153
Frequencies cps--Mark 467:56 and

2167.5

--Space 382.5 and
2082.5

Output level--14 dbm into _00 ohms

Wire side of the hybrid is available at the

patch bay. An earphone is provided for
monitoring the line when it is terminated

in the hybrid. These lines are not equalized.
A high quality 4-wire telephone line (class

IV) connects the stain with American
Cable and Radio, Inc., in New York City: The

Demod type 174 ...... line has a frequen-cy characteristic equalized
Frequencies--as above - to within ±2 db of fiatne-ssTrom 300 to 3300
Input level -- 0 dbm 0.788v at cycles and has an insertion loss of 9 db.

600 ohms American Cable and Radio has 4-wire tele-
6. Miscellaneous phone lines c0nnectlng_wl_t_h the wire press

a. Tape Recorder-Ampex FR100 t_-7 services in NewYork City, By patching be-
channel = tween the Nutiey 4-wire lines and the wire

Frequency response
--channels 1, 3 and 7, dc t0::6_C

m (fm 27 kc subcarrier) .....
---channels 5--50 cycle servo
--channels 2, 4, and 6 -- 200 cps to

50 kc at 30 ips
: : .... --200 cps t(J%

100 kc at 60 ips

Tape Speed--30 ips and 60 ips
Input level--.788v (high imped-

ance)
Output level--1 volt RMS nominal

b. Auxiliary transistorized amplifiers (6

...........
Frequency response--200 cps to

L

200 kc

Gain--variabl¢ from 0 to 20 db in-
to 600 ohms

Input and output are floating
c. Teletype Corporation Model 28 ASR

Accessories include: keyboard-op-

erated tape punch reperf0rator
transmitter distributor

Operating speed--50 bauds

services lines, the inputs = to those services
and their outputs beco/ne available at the

Nutley station patchboard,
In addition to these lines, there is a 2-wire

dc line installed between the station and the

Empire State Building in New York City
for remote control of the spacecraft simu-

lator.

MULTICHANNEL TEt.ETYPE, DATA, ANO FACSIMILE FACILITIES

Multichannel teletype, low-speed digital

data, and facsimile terminal equipment are
available to the Nutley Station. This equip-
ment is located at American Cable and Radio,
Inc. in New York City and is accessible

through the equalized 4-wire line described
previously.

The data equipment is capable of trans-
mitting and recelVlng a data stream of up
to 3600 bits per second and counting errors
in the received signal.

A list of the equipmen_ available follows:

1. Teletype Equipment
a. 24 Channel BTM'FMVFT Bay-
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frequency shift modulator and de-
modulator, 50 bauds.

b. Siemens and Halske Elmux -- 4-

channel time division multiplex, 192
bauds.

c. Mackay Tone Keyer and Demod.

(1105 ups) CNY02130/2i31 fre-
quency shift -+50 ups.

2. Data Equipment
a. Rixon Data Modem DD model--Ves-

tigial Sideband--1200 to 3600 bps
2400 cycle carrier.

b. Standard Radio and Telegraph --
TIJB Data Modem 1200 baud fre-

quency shift keying ±400 ups.
c. Rixon Word Analyzer and Generator

Models 1032 and 132.

3. Facsimile Equipment
a. Alden Facsimile Flat Copy Scanner

Model 919-9165 120--60 rpm
b. Alden Helix Recorder Model 319EA

120 60 rpm
c. Rixon Adfax (Facsimile/Data Con-

verters)
d. Crosby AM to FM Converter (Fac-

simile Transmitter) mean frequency
1900 ups, frequency shift _+400 ups

e. Crosby FM to AM Converter (Fac-
simile Receiver).

SUMMARY

Design studies during 1960 and 1961 used

a fixed ground station to conduct narrow-
band experiments using the moon as a re-
flector. These and later experiments with
active satellites provided useful data on such
parameters as terrestrial interference, at-
mospheric absorption, and satellite trans-

mission characteristics.
A practical medium-capacity ground sta-

tion includes a 10-kilowatt transmitter, a

40-foot (12.2 meter) paraboloidal antenna
with Cassegrainian feed system, and a radio-

frequency equipment pod located near the
apex of the primary reflector.

Voice and teleprinter communication via

satellites have been demonstrated repeatedly.
The ground station can be adapted to com-
municate with all present satellites, this
flexibility being achieved primarily through
the use of a universal transmitting and re-

ceiving system with interchangeable front
ends and antenna feed systems.

The space-research ground station has
provided information on terrestrial interfer-

ence, moon-communication parameters, and
general propagation parameters between 1
and 10 Gc. In addition, it has served as a
proving ground for space-communication

techniques and equipment.
A medium-capacity satellite communica-

tion system has been tested as part of Proj-
ect Relay, a National Aeronautics and Space
Administration program. The data provide
valuable information with which to plan

systems. Acquisition and tracking require-
ments, noise and distortion characteristics,
experimental techniques, and the type of
data to be taken are a few of the areas under

study.
The research operation has resulted in a

number of new equipment designs, which
have been combined in a transportable

ground station capable of supporting the
medium-capacity satellite system.

With this research facility, we continue
to evaluate operational techniques and

ground-equipment designs to improve our
capabilities in the field of space communica-
tions.

AUTHORS. This chapter was written by B.
COOPER and R. MCCLURE of International

Telephone and Telegraph Federal Labora-
tories, Nutley, New Jersey, U.S.A. under
contract NAS 5-2056 with NASA/Goddard

Space Flight Center.
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INTRODUCTION implemented to meet a specific group of per-

- The ITT Federal Lab-oratories SpaceCom-
munieatiofis Research Station has been-ope-r-

ating as a participant in Project Relay _slnce

January 5, 1963. This participation has in-
volved the performance of communication
experiments, demonstrations, and operatl0naI
support of the NASA Test-Statlon.

The station (see Figure 11-3) consists of
a 40-foot Cassegrainian dntenna-°-ancI_:t_v0 '

geodesic domes Con-talning=-_he _radi0 - fre-
quency equipment and the-mastercon_rol and
terminal center. Subsequent addition of the
East Coast Test Station equ[pm_ent-('seeF|g-

ure 11-4) has expanded-the-facK[ty.-Th--e
official address and identification-of-the iTT

Space Communications-statlons=[s "COM-
NUT." The official iden_ificatibn of the
NASA East Coast Test Station is "COM-
CON."

The purpose of this program is to deter-
mine the feasibility of a low-altitude active-
satellite communication system. The pri-
mary function of the Nutley stafionis the
performance of communications experiments
and analysis of data obtained during these

experiments. An additional ftinction is the
acquisition of operational experience using
cbinmunications satellite systems. Partic-

ular emphasis is placed on UHF tracking

peifformance.
The purpose of the experiments is to

determine the extent to which a communi-

cations system designed on paper can be
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formance requirements and to determine
what additional requirements are needed to

completely specify the system. The data
obtained from experiments performed to
date has provided considerable information
on the performance of a system consisting
of ground stations communicating via an
orbiting spacecraft. A table of experiments,
showing their frequency of performance, is

given in Table 12-1.

TABLE 12 I. Frequency of Performance o.f Communications

[Experiments with Relay [ for January-December 1968]

Experiownt Number of times i)orfnrlned

IIIA1 Insertion gain .......

IIIB! -COl[liirlllt')llS randon_ noise_ ..

nIB2--Pcak noise .................

[lIB3 - -Periodic noise ...........

IIIC Bandpa._s characteristics

fin) Envelopo delay ........

IIIE Roeeived carrier power ......

IIIFI llarmonie l)erformanee - -

IITF2 -Noise intermoduhdi(,n - -

trig--_l,oop delay ................

IIIll Intereferenee .............

IIII--Intelligible cr(,sstalk .........

7(1

141

53

22

36

25

645

I]6

82

I0

2

6

Overali specifications for the Relay system
have resulfed in subsystem specifications
defined for the ground stations and the
orbiting spacecraft. To date, a number of

ground subsystem performance requirements
and capabilities have been verified.
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These include the following:
1. The extent of the FM threshold im-

provement that could be obtained practically
in the space-to-ground link.

2. Operational performance requirements

of a spacecraft acquisition and tracking sys-
tem.

3. Distribution of intermodulation sources

among the various parts of the ground-space-
ground communications link.

4. Satellite performance after extended

exposure to outer space environment.
The sections that follow present detailed

analyses of the results of several of the
selected experiments performed with Relay I.
For each experiment, the performance of the

ground station is considered separately in
order to isolate its effect on the link. Conclu-
sions are drawn about both link and satellite.

INTERMODULATION DISTORTION TESTS

In this section, results of three different
types of intermodulation distortion measure-

ments will be presented, and compared with
values calculated from theoretical considera-

tions. The most significant measurement of
the three types is the "two-tone" test, where
two sinewave tones are applied to the base-
band, and the 2nd and 3rd order intermodu-
lation products are measured. From these
measurements, a set of power series coeffi-
cients can be calcuated. This calculation is

based on the approximation of the system
amplitude and phase response by a trun-
cated power series.* Using these coefficients,
and assuming a white gaussian noise input,
the individual intermodulation products re-
sulting from phase and amplitude distortion

are determined. In addition, linear envelope
delay and parabolic envelope delay are cal-
culated.

Envelope Delay

Envelope delay is related to the slope of
the system phase vs. frequency character-
istic. In general, the phase characteristic is

a nonlinear function of frequency, and there-
fore, the envelope delay will be a function
of frequency. The effect of this frequency

dependence is to create intermodulation

products in the FM detection process. These
products contribute to the total intermodu-
lation power. The remainder of the inter-

modulation power is the result of amplitude
nonlinearities.

The delay test set measures delay by
sweeping a 278-kc signal across the system
passband at 800 cps and comparing the phase
of the received 278 kc to a locally generated
278-kc signal whose phase is the average
278-kc phase over the sweep. The phase of
the received 278-kc signal will vary as it

sweeps across the passband. A phase dis-
criminator in the delay set compares the two
278-kc signals and produces an output volt-

age which is instantaneously proportional to
their phase difference. This phase difference

is proportional to the envelope time delay
by the factor 1/278 kc; i.e., delay ---- phase
change + 278 X 103 sec. Therefore, the
discriminator output is proportional to the
instantaneous envelope delay. This voltage
is displayed on the Y-axis of an oscilloscope.
The 800 cps used for sweeping the 278-kc
signal across the passband is proportional to
the received carrier deviation and is dis-

played on the oscilloscope X-axis. Thus the
curve displayed on the oscilloscope is en-

velope delay as a function of frequency.
Since the modulation index of the 278 kc

signal is low, the process of sweeping the
278-kc signal can be considered as sweeping
a carrier /c with two significant sidebands
across the passband at an 800 cps rate. One
sideband is at fc -{- 278 kc and the other is
at fc -- 278 kc. The delay test set measures
the average phase shift of these two side-

bands divided by their frequency separation.
Therefore, the delay indicated is the slope of
the chord joining the coordinates of the

phase at fc + 278 kc and the coordinates of
the phase of fc -- 278 kc. If this carrier and
the sidebands are now moved to various

positions in the passband and the slopes of

*D. P. Sullivan, "Intermodulation Distortion Study

for FM Communication Satellite Systems," 15 June
1962, prepared for NASA by Space Technology

Laboratories, Inc., Redondo Beach, California.
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the chords joining the sideband coordinates
are measured and plotted, the resultant

curve is the delay vs. frequency curve that
is displayed by the delay test set, Because
of the manner in which this display is gen-

erated (by averaging over 2 X 278 kc), an

average slope is displayed, and some fine

grain detail is lost.

At first it appears that another way to

measure the actual delay would be to reduce

the sweep frequency by, say, a factor of 0.1
giving a subcarrier frequency of 27.8 kc.

This would allow the actual delay to be

measured moth,accUrately because the slope

of the line joining the sideband phase co-

ordinates would be an approximation closer

to the actual slope. However, the sensitivity

of the measurement to noise is correspond-

ingly increase_ by a:factor of 10,:arid would

.... for this test.make almost all passes Unusable

Noise Power Ratio Test

Noise Power Ratio is an overall measure

of the linearity of a transmission system.

For a multichannel link, the noise level

existing in a given' channel when all remain-

ing channels are loaded with white noise is

compared with the level in that channel when

it, too, is noise loaded. The-resulting ratio

(NPR) is a measure of the level of inter-

modulation products as Compared to normal
channel level. Both phase and amplitude

non-linearities may contribute to the inter-

modulation noise.

A special test set, consisting of a noise

transmitter, a filter unit, and a noise re-

ceiver, is used to make this measurement.

The output of the noise transmitter is Gaus-

sian noise uniformly distributed over the

12 to 60 kc baseband frequency range. This
band-limited white noise is then fed to the

filter unit which consists of three 4 kc wide

band-stop filters, one each centered about 14,

34, and 56 kc. The output of the filter unit

goes to the modulator input. The noise

receiver, connected to the receiver output,

is actually a power meter which can be tuned

to 1.t, 34, or 56 kc. The noise receiver is 1200

cps wide. The measure the NPR in, say, the
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56 kc channel, the noise receiver is tuned

to this frequency: The noise p6_r is meas-
ured first With flat noise over the entire base-

band:_and second with the 56-kc bandstop

filt_r _l_serted following the transmitter.

With:the filter in, the noise receiver meas-

ured no direct noise power; only intermodu-

lation noise power.

Two-Tone Harmonic Performance Test

The two-tone harmonic performance test
is one of several methods of measuring sys-

tem nonlinearity. It has the decided advan-

tage that the results of its measurements may

be used to predict envelope delay and Noise

Power Ratio and also to give a qualitative

idea of the source of the nonlinearity.

To perform the test, two sine-wave tones

of different frequency are applied directly

to the baseband input to the modulator. At

the receiver baseband output, the second and
third-order intermodulation products and
harm0nics are measured with a selective

voltmeter. From the levels of these products,

coefficients may be derived for nonlinear

amplitude and phase terms in a truncated

power series that represents an approxima-

tion to the system input-output function.

Equations Used to Calculate Intermodulation

....... Noise and Envelope Delay

It is assumed that the system transfer

characteristic can be represented by:

d
V,, : V_ + m.,. Vi" + ma V_ :_+ m4 _(V/2)A

+ m_,-_t - (V/*) (12.1)

where

Vo = output time-varying voltage
A = system gain, input to output

V_ = input time varying voltage
m.,, m:_ = constants determined empirically

from the two-tone tests which are

related to the amplitude character-

istics of the system.

m4, m_ = constants determined empirically
from the two-tone tests which are

related to the phase characteristics

of the system.
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For the two-tone test, V_ = g (sin _, t _-

sin ,.,2 t), where g is the peak input amplitude

and _, and _ are the two input angular

frequencies. Performing the indicated oper-

ations on V_ and summing terms of like fre-

quency, the following expression for the _1
-+ _ and _1 ---+ 2 _., terms results (see

Appendix A) :

V ((_,±_2) = Ag °- m2 2+m4_(_1-_2) 2

3Ag 3[ "_ 2 2] '/2V(o,, -± 2_.,)=--_[m3 -_m5 (aJl-{- 2_2)

where V _, ± _.isthe peak voltage at _,--we;

V _ --2 _.,isthe voltage at _,--2 _.,.

Each of these expressions is actually two

equations in two unknowns: one equation

for the sum frequency term and another for

the difference frequency term. These are

then solved for m2, m3, m4 and m5 in terms

of V and

1 [ 2 (_, _ ¢o2) RMS (fl -}- f2) '_
16V%, IV' f,/2

o,.,) RMS (f' ---- f') 2]
--Y'_(_,-F . f,_ j (12.2)

1 [ V2 (2 _._+ _,) RMS(2/f_f')_m3:_-- 72V%, [

- v, - RMs(21} ilil) |(_ 12.3)

m, 2 __ 1

16V4_I _,_2

IV'-'(_,,+ _.,)RMS -- V" (o_1-- _.,) RMS ]

(12.4)

m2 = 1
72V%, CO1 (_2

[V"(2_,._ + _L)RMS- V'_(2_._ - _,)RMS]

(12.5)

From consideration of the spectral densi-

ties of the signal and intermodulation prod-
ucts when the signal is white gaussian noise,

expressions may be written which yield the
intermodulation noise contribution in the

top channel due to each type of nonlinearity.

In the following equations, N_. is the con-

tribution in picowatts (psophometrically

weighted) of intermodulation noise due to

the k '_ term in the series, Equation (12.1) :

N_w2 __ (2_rFdPeq) 3.1 X 10 _-"_ . m22
al 10 °_ (F2 -- F1)

(12.6)

Np_ : [ (2_)') Fd2 Peq3/212 3 (3.1 X 10 TM) ma"
(al) 2 10 °'25 (f2 -- fl)

(12.7)

N_,% = [(2_')2F'_Peqf2]'_ 3.1 X 10 TM
(a_) 10 °-_ (f_ -- f_) m_

(12.8)

[(2_) aF_:Peqa/_f:] _ 3 (3.1 X 1012)

(a'l 2) 100`25 (f2 -- f_) mS_

(12.9)

where

F_ =

al --

Peq =

RMS per-channel deviation of the

up-link = 29.6 kc
modulation constant = 6.789 X 106

sec/volt

equivalent white gaussian noise power

extending from f_ to f2 which the

CCIR recommends to represent the

multiplex of telephone channels at
zero relative level, referenced to a

single channel -- 2.7 mw

f, = frequency of the lower edge of the

bottom multiplex channel = 12 kc

f2 = frequency of the upper edge of the

highest multiplex channel = 60 kc
Similarly, the values of linear and parabolic

envelope delay may be calculated knowing

coefficients m_ and ms:

Td, 4_r B,_ m4

_P _ 3 a_

T _ 3_ _B,./m_,
_-- (3al):

where

T_t =
PP

Tdp =

pp

(12.10)

peak-to-peak linear envelope delay

component

peak-to-peak parabolic envelope de-

lay component

RF bandwidth being swept
= 1.17 Mc

modulation constant = 6.784 f 10 ¢

sec/volt
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(Note that a factor of 3 has been inserted in
front of at to reference the measurement to
the down link).

Results of Tests Run with High C/N and with
Controlled High Delay Distortion

A series of tests was run for the purpose
of comparing calculated an_ m_red-values

of envelope delay and whlte noise intermodu-
lation. The tests were set up as an-RF loop
through the station equipment. The RF
carrier-to-noise ratio was set at 35db and

the parabolic envelope delaywas increased
above the usuallevel to 90 nan-o_dconds p-p.
The purpose=of_hese adj ustm_n_-]_s_ first, to
reduce the thermal noise so that it will affect

the measurements asqittle as possible and,

second, to increase the delay distortion to
the point where it will have a marked effect
on the third order intermodulation products,
thereby making the calculation of parabolic

envelope delay less subject to error. While
this value of envelope delay is not repre-
s_La_ive of normal station performance, it

w-as introduced in order to improve the corre-
lat[o_n between measured and cal_culated
values. The results of the tests are given in
Table i2-2. Substitution of the proper signal

v0]tages from the°2-t0ne test into Equations
12.5, 12.6, 12.7, and 12.8 give the following

values for me, m3, m4, and m._:

m._,-- 8.47 X 10-2 volts -_
m._ -- 0.0825 volts-"

m4 -- 1.00 )< 10-Tsee/volt
m;-,-- 1.19 X 10-_ sec/voIt _

Substitution of these values for the m_.

into the equations for N_,, gives the follow-
1,

ing results :

_-N_,, -- 1425 pw
2

N_,,, -- 820pw

N_,,, -- 280 pw

N_,,. -- 245pw

It is assumed that the various contribu-
tions to the total inter-modulation noise are

statiscaJly independent so that the total is
the sum of the four contributions. Thus

N,,. --2770 pw. This is the calculated
tot

value of the psophometrically weighted inter-
modulation noise power in the top channel.
This corresponds to a noise power ratio
(NPR) of 44.1 db in the top channel. The
noise-loading - at sametests performed the
time as the 2-tone tests showed a top-channel

NPR_(afterc°rrect!_ng: for residuai thermal
noise) of 44.5 db which is equivalent to an
N_,,. of 2,600 picowatts.-The difference _e-
tween the measured and calculated values

(0.4 db) is within measurement error.

TABLE 12-2. Results of IntermoduIation Tests

m

@

Component

f,
.f_

:- 2/,-f_
/.,-/,
2/,
2/_-/,
f., ÷ f,

3y,
2/.,.
2f, _f.:

2f.,+.f,
3f_

I. Two-tone lest
0 db 44 mv

Freq. (kc)

22

37

7

15

44

52

59

66

74

.ql

{.}_i

Ill

Sig. level (dh)

0

-0.5

- 42.5

-49.5

- 52.5

-41.8

Channel freq.

_. Noi_se inlermodulation

NPR (db)

1.1 ke

34 kc

513 ke

- 52.5

48.5

47.5

-53.5

34.5

,13.5

.I0.0

3. Envelope debty lesl

I,inear delay =5 nan,)seconds (pp)

Par,dmlie delay =90 nannseenn,ts (pp)

Thermal nni_((lb)

-34.5
-45.0

-42.0

I
1
1
1
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Calculation of linear and parabolic en-

velope delay gives values of 72 and 116 nano-
seconds, respectively, for the linear and par-
abolic components. There is good agreement
between values of measured and calculated

parabolic envelope delay. The measured
value is 90 nanoseconds which differs by
about 20 percent from the calculated value
of 116 nanoseconds.

The majority of the error is attributed to
the fact that the passband phase variations
are averaged over 2 X 278 -- 556 kc. This
has the effect of smoothing the ripple com-
ponent and reducing the measured parabolic
component.

There is a large discrepancy between the
measured and calculated values of linear

envelope delay, which are 5 and 72 nanosec-
onds, respectively. The calculated value of
linear envelope delay is a function of m4,
which depends on the difference of the
squares of the two 2nd order product volt-
ages. These two voltages differ by only 0.7
db. An error of 0.3 db in both of these volt-

ages could change the calculated value of

linear envelope delay from 72 to 15 nano-
seconds. Since there is at least a 0.3 db

variation in the meter reading due to addi-
tive noise, the calculated value of linear

envelope delay will be highly subject to error.

Conclusions

The usefulness of the two-tone test lies

in its ability to separately evaluate the vari-
ous contributions to the total intermodula-

tion noise in an FM-FDM system. As such,

this technique is very useful in subsystem
evaluation to quickly determine the major
contributors to intermodulation distortion.

With the exception of the prediction of
linear envelope delay, the results show good
agreement between measured and calculated
values. This indicates that the equation used

to describe the system is, in fact, a good
approximation.

The technique for measuring 2nd and 3rd
order intermodulation products is presently
being studied and will be refined to increase
its accuracy. If this can be successfully ac-

complished, the prediction of envelope delay
will become more accurate.

For comparison, a harmonic performance
test performed through the satellite will

typically show that the third-order product
voltages are below thermal noise, and thus

not measureable. A typical value of thermal
noise is 62 db below the 44 mv amplitude
of the fundamental frequencies. In other
words, typical third-order products are at
least 10-15 db below the levels shown in
Table 12-2 which are the results of delib-

erately inducing a high value of envelope

delay in order to prove empirical and theo-
retical agreement. Since the magnitude of

parabolic envelope delay is dependent on the
difference of the squares of these voltages,
the calculated delay will drop rapidly as
the voltages decrease, even though their ratio
may remain the same.

SYSTEMTHRESHOLDWITH AND
WITHOUT EXTENSION

One of the most fundamental performance
measurements on an FM system is the deter-
mination of the threshold point or, more
generally, the variation of the signal-to-noise
ratio (S/N) as a function of carrier-to-noise
ratio (C/N). This S/N versus C/N curve

is made up of three regions. The first region
is the one in which the carrier voltage vector

is significantly larger than the noise voltage
vector. In this case, S/N is proportional to
C/N; i.e., a 1-db increase in C/N produces
a 1-db increase in S/N. In the second region,
the C/N ratio varies from 10 db to 0 db

and S/N is approximately proportional to
(C/N) 3. The intersection of these two lines
is the threshold point. It is usually specified
in terms of C/N ratio; i.e., for a system in
which these two portions of the curve inter-
sect at 6 db C/N, the system threshold is
6 db. In the third region, the carrier voltage
vector is much smaller than the noise voltage

vector and S/N is proportional to (C/N) 2.
The theoretical S/N ratio above the thresh-

old point may be calculated. The formula
holds for the worst channel (usually the top
channel) in an FDM-FM system when a 1-kc
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reference test tone is applied to that channel
at zero-relative level.

: _/? --- _'MCLF_PDI
where :

C/N --pre-de_tion carrier-t_n0ise ratio __"

A F -- peak frequency deviation "_

f --_ h igh est mo.dulat in_reque_cy -
B = pre_letection noise bandwidth

b = post-de_ction channel bandwidth
MCLF : multjcha_nel_o_ding factor (16 db

:;]: ::for 12_channe|s:for limiting) _

PDi ---: Pre-emphasis de-emphasis im-
provemefi_ (4 db)**

Substituting :

S/N : 11 q- 20 log 585- + 10 log 2 Mc
6O 6 kc

-- 16+ 0 + 4---- 11 -{- 19.8

+ 25.3 -- 16 + 4 -- 44.1 db

The measured S/N ratio at 11 db C/N in the
top channel with the discriminator demodu-
lator is 44.5 db. :°-

Station Loop Test Mode Generator Results

= with Threshold Extension

Figures i2:-] th(ou_gh_2:@ shoW S/N as
a funct_onof_C/N - as measured using a l'kc
tone in mult piex chan eis 1, 6, and 12. A

!!It

_SIN vs C/N
STATION EG_JIPMENT

J_

fill

N_

iii!i
-4 o 4 _'.... Z4

gin IN OB

FmURE 12-2.--S/N vs. C/N, channel 6, monitor
receiver.

EQUIPMENT

4 0 IZ

CIN IN OH

FIGURE 12-3.--S/N vs. C/N, channel 12, monitor
receiver.

_z

0 4 O *Z 16

FIGURE 12-l.--S/N vs. C/N, channel 1, monitor
_i receiver. .....

2

I

general characteristic of all these curves is
that they threshold at from 5 to 7 db C/N

and 40 to 45 db S/N (noise referenced to

1.3 Mc band). Because of the high S/N ratio I
at which the system thresholds, the portion 1
of the curve above the breakpoint does not i
follow the classic 45-degree line (1 db change !
in C/N equals 1 db change in S/N). Instead,
the curves flatten out somewhat at higher
C/N indicating that S/N is limited by resid-

*]]. D. Ii0lbrook-an(] J, Wf_ixon, "Load Rating
Theory for Multichannel Amplifiers," B. S. T. 3.,
XVIII (October, 1939).

**Recommendation No. 275 of C. C. I. R.



532 RELAYI--PARTII

oo!i!i

•o R

to N_

o

m

iiii

II

ii!i_!!!_!

iiiii_ii i

2O

FIGURE 12-4.--S/N vs. C/N, channel
tions receiver.

1,communica-

24

FIGURZ 12-5.--S/N vs. C/N, channel 6, communica-
tions receiver.

ual noise including residual FM and thermal

noise in the receiver baseband amplifier.
Depending on the receiver under test and the
channel being checked, the limiting thermal
noise is between --50 and --55 db with

respect to full channel output.

Over the range of C/N from 6 db to 14 db,
the S/N in the lowest, middle, and highest

frequency channels are Within 1 db of each
other. This indicates that the pre-emphasis
characteristic is properly matched to the
system noise characteristic over this range.

The measurements shown on Figure 12-6
(S/N in channel 12 through the communica-

PHASE- LO(_KEO LOOP{DISCR_MINATOR ONLY ),TAKEN
STATION EQUIPMENT ....

i _6 2o

FIGURE 12-6.--S/N vs. C/N, channel 12, communica-
tions receiver.

tions receiver) were taken both with the

phase-locked loop and without it. The phase-
locked loop thresholds at a C/N about 4 db
lower than that of the discriminator. All

curves are referenced to a noise power of
--111 dbm in a 1.3 Mc bandwidth.

Operational Results

S/N measurements made through the sat-
etlite show S/N ratios which are in every

case lower than those measured through the
station equipment. This is to be expected
since the signal passes through the satellite

transponder which adds its own noise con-
tribution. Also, the variation in antenna
gain around the spin axis introduces an addi-
tional noise component.

As the satellite spins (at about 167 rpm)
the power radiated by it, as seen by a ground
antenna, varies with the same fundamental

frequency. This has the effect of moving the
C/N ratio up and down, which in turn causes
the S/N ratio in any particular band to vary
at the spin frequency. That the RMS noise
increases can be seen by considering the
noise with spin modulation to be given by

n'(t) =n(t) [1 -t-,/cos fl.t]
where :

= Amplitude of spin modulation
n, = Spin frequency
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=Consider the noise Voltage to be described " _ _ _t_by the Gaus.sian process, ... _ i_

............. e_.=/2a: _o '_i_ _
<_X/2_- fill

from which iii

m:

- (n') _ ]2 ,_2(1 + y cos n_ t) 2

P(n') -- e
" ' _ _-_ (l+ycosn_t) X/2,_o _

The RMS _TMde is Seen to be increased by

%/ 1 + y_/2 The instantaneous statistics of
the noise are still Gaussian.

For example consider a sinusoidal spin
modulation of 6 db (peak-to-peak) Then,

Pmax( Vmax 12Pmin -- Vmin = 4

V max
2

.... " " V min --

Then,

l+Y_2

_ 0.33

Therefore, the increag_- in RMS noise is
about 0.2 db. The actual difference between

station performance and performance
through the spacecraft is generally larger
than this. The assumption of sinusoidal

modulation is, of course, approximate. In
many cases, the spin modulation brings the
carrier near threshold where the noise in-

creases precipitously. Thus, a larger differ-
ence is to be expected.

System Noise PerformanceWith.and Without

Pre-EmphasisThroughStation Loop

Figure 12-7 shows two curves of baseband
noise versus frequency. The data for these
curves were taken using a tuned voltmeter
having a bandwidth of 340 cps. The noise

shown represents the residual noise of the
system with the receiver locked to an un-

,vt ",_,lj#

FREQUENCYIKC)

FIGURE 12-7.--Baseband noise vs_ frequency, monitor

receiver.

iooo
{lie)

modulated carrier. If only FM noise was
present, the curves would reduce to a
straight line with a slope of 20 db/decade,
which is the classical triangular FM noise
spectrum. If the curve taken without de-

emphasis is examined, it can be seen that
between 50 and 250 kc the curve closely

follows a line of 20 db/decade slope. Below
50 kc, the slope decreases and finally becomes
negative. This change in slope is due to the
addition of noise produced by incidental FM

originating in the RF circuitry. Above 250
kc the slope increases slightly and then falls
off. This behavior is a function of the phase-
locked loop used in the receiver whose fre-
quency response with signal tends to peak
around 350 kc and then drops off sharply.

The curve of baseband noise versus fre-

quency taken with de-emphasis differs from
the flat curve by=th_=_esponse of the de-

emphasis network. It can be seen that the
noise in the 12 to 60_kc baseband is much
flatter With de'emphas]s:_h-an_wlthout. The

curve with de-emphasis shows a variation
of only 2 db over the:band (12 to 60 kc)
while the curve without de-emphasis shows
a variation of 6 db, it should be noted that
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the noise begins to increase below 20 kc.
This correlates with S/N measurements

taken in multiplex channels. Channel 1 (12
to 16 kc) will always show a lower S/N

ratio than either channel 6 (32 to 36 kc) or
channel 12 (56 to 60 kc). The difference
between channel 1 and channels 6 and 12

S/N is dependent upon the carrier level.
Near threshold the difference is only about
1 db or less. However, at a C/N of 25 db,
differences of 8 db are noted. The crossover
point of the de-emphasis network, which is
the frequency at which the gain with the

network inserted equals the gain in the
"flat" position, occurs at 36 kc. The two

curves of baseband noise versus frequency
cross at 30 kc which agrees closely with the
network crossover point.

Figure 12-8 shows a curve of baseband

noise versus frequency taken on Relay I
orbit 1376 with a comparison curve through
the station equipment prior to the pass. At
the time these experiments were run, there

was a spurious 15-kc component caused by a
ground loop in the exciter video amplifier in-
put circuit. This peak should be disregarded
when examining the curves since this condi-

tion has been eliminated. The components

FIGURE 12-8.--Baseband noise vs. frequency,

fiat response.

appearing at 5 kc and 40 kc, however, appear
only in the curve taken through the satellite
and thus must originate in the satellite. The
5-kc component has been observed previously
and may be due to the spacecraft inverter.

Noise Intermodulation, Thermal Noise,

and Deviation

The design of an FM-FDM system is, in
part, a compromise between intermodulation

distortion and the degradation due to ther-
real noise. It is well known that the thermal

S/N in an FM system is proportional to the
square of the deviation ratio. However, as
the deviation is increased, the effects of
nonlinearity cause the resultant total S/N
in an FDM system to degrade. In this sec-
tion relationships between S/N and deviation
are studied.

Procedure

Data was taken through an RF loop under
a number of system conditions in order to

display the effects of pre-deemphasis and
threshold extension by phase locked detec-
tion. These were:

Case 1. Discriminator detection with and

without pre-deemphasis; C/N = 26 db
Case 2. Phase locked detection with and

without pre-deemphasis ; C/N -= 26 db
Case 3. Phase locked detection with pre-

emphasis ; C/N -- 10 db
In each case the modulating signal was

flat Gaussian noise over the baseband. The

peak-to-peak deviation (18 db above RMS)
was varied from 200 kc to 1.1 Mc. Thermal

noise and intermodulation plus thermal noise
were measured.

The high C/N (26 db) is used to suppress
thermal noise so as to obtain a true indica-
tion of intermodulation effects.

Thermal noise was measured in the ab-

sence of modulation to determine the point
at which S/N improvement with deviation

ceases, and intermodulation distortion pre-
dominates.

Resulfs

Figures 12-9 and 12-10 show the noise
intermodulation and thermal noise obtained



i

R

i
i

____--

RESULTS OF RELAY

5O

I NARROWBAND EXPERIMENTS

48

46

44

_2

m 40
o

3e

36

,,m_im imil '+il

. ,i.!!!!

_I I_,ititi

IItHI!I 1tiNtlt

t!I l!t
u!!m,'-,_i}

NiillMii
lttttJ At_ :fl

lii id_ hi
llL,f_m'ii

M
®

Wt ,

rmm im_ _r

4_

_t

i1,+,,:.::i
i Y,N i:l!ii

34

32

30
200 31_O

...... ;::::: H_ _I_ _ _E_
"'ILtl..... _Lli/1111 ILIII 21it
• IHI

,Ill ..... dH4 ....
<bl_f'li!l! IttiI.!NtlIIII' +' tti! ttlt
!tt!!!!lHtl Pt'!'IIHit I!!!! ilii llil..... ,ltlI !!I!N! .....
lttlllt "" I_W l_"_uJ :fill

__ +':'_ :LilI D.I.Ii

i_ i1-1 :}ill _-+1+_ilM._MIIII,+_........
WHtA]tlIIHJWI!UH:_,G_
iii tiiilitHiiN ifHl,rM

iil iii+iiiiiiii7iiM,i
! tH=I_t&L_IHtl HI;IH}II

IILLItIIIJIill t111i tILII
hl ;hIiI_HI!IHHI41!

SO0 600

HHIIIi l.l__ ttt tttliiilt!! .....
't_ I ill.ilL! 7IX t_itiI I _+__i 7xf|I t _d_ tth/ltf{ !_m

l_ • CH,, THe:r.

535

]411HI

50-

48

46

44

42

38

ii '/A'_;m m
,thu,_ii

ttH IHI

........ I_14-

,11÷ ,_}_._ H!, ,Hi LL[:
.u _t!i- _g'Iti+HtH_:

tlfl Iiiii !N_!!_

+,lit Ill
f!ll ill

0 CH. 6

X CH, 12

INTERM<_ --

216;

s,l

32-

30-

200

l! Hill

H 1

N ]i

_l +i+++u+ .... .......
+IH :,_ ,_I_ I] lt4J'rzu_ii:+,,,m mHm

+V'-++I i ®+ii!+_+t+ttt

r tlfHH_,

700 @00

P-P DEVIATION KC

_!i!+iii!iiiiiiif_._!_i !I
i ilttIiilliftiii P-'tA_]]_1111

+ i[,ftt!}4" tffl 1t111 tt1:11tl II lIH/HIll ill,_, l

7F_iftt',li tU '_s _ '_ 'i++++++I+++,I!I:!I+ii,+_+_tiiI
_ , * _i wi: ii u +tt++IN_i figImlltilh,_llj_++_

++ +++!!+,ill+++++ +ii+iZ i+,.:+
+_ tit + tiiiltll+i+f@ii_
71,fill!it iti, _lt+ll!lt +h+h_:JH_
_I lifi'l t 11t-'+t _ IlL JUI IlL+,+++i+
'++++......-+il+l!liil!Iit ........ ii[ _' '<` +tt'ii+tl
Iittltti :'All ilil

900 I000 1100

FIC-UrE 12-9.--Nolse power ratio CIN : 26 db, d]scr]-mi-na-tor"detecti0n without pre-deemplmsis;

lfl_@lllilllllltlI_Ii-.ul!ll.mlllittIttt_t!t++.vt,t_*<lll_=itil, u,It tttttt_ II,MI+Hl+llh
.... ,1 ,. W ,ill _ _ " " Ill _.,_ _li ti

..... f+ t i 'ill ii'+ i+ i "' ltluini'vm t+i:u 'Wti!I_HI!lR!!!!!!,i!_,,,hh!f+!!!I++!++ll+_++ iil!ilil_ ° oH-"--'"t+""°+
i_ t ilia+ , i+ tit ,iilI, ,it H 12

_+ _+t i " uJ+ ' : t U' IIl_i+'1t77_tf,_.,

fill
+,x.: tilt_L+J.i.l_T,4i_Vit +ttl Ltii lit, [:Lii ..... . II, t _ i. i ± L,Lt :iJt bt

i .... 'i"+_+lu++l+i_._thutt,+ : '" u ....+i+,+ , + imtU ...... ,+...... _

.... i u, .+iil_tliDtil_Uf_i : ,+t_ ,.H. < ,l +Hittiitttt fJ * . "'++-+ h_!+!i!I!!l! + i'+

i " : .... _'_lil L_ .......... ill ...... i, , i [, !,#iIHH+H+_n+H+,,_+n t i.....' "" it =, =; ,"IW tt4!, ,h iti It =' _'"'i i

tt .... iilJll _H "_' it 'ii]7" I,I I ii ,, i_ tt _"_i'+'

i++ill!! !iifti!i+!llli!!+filltiM+_lt_++,_'+i_# _4tiiltt_ tfI_II! !l+iiI
G+!m _tt itttii ilD_tt liiltt_m!millitittii ii_l_Plttltttti IiT_t!I!tlI+,_, _i_ti fl1_+

t+i_ I, i ' Ill W lili +++,ilit Jill i , tl ,i+]!II11l+++rot'"*"I iiiii_llltfli+ _il_l.,il,ut,,,+l_=Iii_i._-'tltIt_N,II_. _
....,_,_,+,_,+t" +*'+W_" "iH+iitl '" iuiiiiil il i ftitfilh'Gt';;'u" + i' "+._i+t,++++_+,++++._.+_+li.. .ilt!l:tit...L..tLl_ =d,,,ill+_ttt++ih+l,_+,,_ !Ill'ill

II t f ; = +lit ttlllfllm I,,lttt 1 _ =, ,: _+mt:i it +l'_I!..!ItI t_,iiiiii,,,Ilt....... ii, llllIII+iltlii_ llii;@ih,:+k,i_,.,mlliilNi_ :tttNtlfttLIlII_
.... lf_"+_+d'41_iiii ........ _! ltii lit7 ..... iiii _ _' " ' i till < _ L' i+ _f_

iti1_ ih_ttll 'il IIII lili' ill i ' fIG I,ll ti.'" i_iJ +'' i;_ _ _i iili"....+i+_+.++,+++1111tltfmh+uh+_!!_l_l!litl _!ltltfLl_]til!i,t! +_tttt{t_ I_ !!!lttillll

300 400 500 600 700 800 900 I000 I I00

P-P DEVIATION kc

FIGURm12-10.--Noise power ratio C/N = 26 db discriminator protection withpre-deemphasls.



536 RELAY I--PART II

using a typical limiter discriminator circuit,

without and with pre-emphasis, respectively.
Signal to noise is also plotted for compar-
ison.

In Figure 12-9, taken at C/N ---- 26 db
without pre-deemphasis, it appears that
thermal S/N in channel 1 is about 11 db

poorer than channels 6 and 12. In a theo-
retical FM system without pre-deemphasis,
the low channel S/N should be better than

that of the high channel, because of the
classical triangular noise spectrum out of a
discriminator under high C/N conditions.

The observed phenomenon results from the
residual FM in the system which becomes
apparent at high C/N ratios. Because of the
very high C]N (26 db), thermal noise in the
top (60 kc) channel is about 55 db below
the RMS test tone. Bottom channel (12 kc)
noise then should be theoretically 14 db be-
low this. However, the baseband amplifier
noise and the noise power of local oscillators
contained in both the exciter and receiver

mark the thermal noise at this level. The

power spectra of these components generally
increase close to the nominal output fre-

quency.
If the residual low channel noise were

absent, the intermodulation curves for all
three channels would be nearly the same.
Note also, that for high deviations, the S/N

curves approach each other. This indicates
that, regarding intermodulation distortion,
the effect is fairly uniform over the base-
band. This would be expected from a system
where intermodulation noise from amplitude

and phase nonlinearities are essentially

equal.
Comparison of Figures 12-9 and 12-10

shows that with pre-deemphasis the inter-
modulation in the top channel is improved

by about 5 db. Note that with discriminator
detection the peak of intermodulation per-
formance is quite broad.

Figures 12-11 and 12-12 show perform-
ance without and with pre-emphasis but with

5O
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FIGURE 12-11.--Noise power ratio C/N = 26 db, phase lock detection without pre-deemphasis.
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phase lock detection. The most marked dif-

ference between Figurels 12-11 and 12-12
and Figures 12-9 and I2-10 is the rapid
degradation in intermodu_[ation - p_Ffdrmance
as deviation is increased. This is t-o be ex-

pected, since both the maximum phase ex-
cursion and phase rate-are Iimited by the

phase lock loop dynamics. If these limita-
tions are exceeded, the phase error increases
precip;tously as does distortion. Top channel
intermodulation improvement with pre-de-

emphasis is about 4 db.
Figures 12-13 and 12 14 show intermodu-

lation performancewithout and with pre-
deemphasis at a typical operational C/N of

10 db. From these cqorves it appears that
1 or 2 db could be gained by increasing
deviation to about 450 kc peak-to-peak in-

stead of 390 kc.

The top channe] improvement with pre-
deemphasis is about 5- db. This is typical
for systems where amplitude and phase non-

linearities generate approximately equal
noise _l_nt_e_ah%-n .--

Tt_e-de-_ding effect of pre-deemphasis on
the-lS_vc-h_-hnels is quite marked at devia-
tions above 400-1{c peak-to-peak. This can
be attributed to the effect of baseband ampli-

tude nonlinearities. With pre-emphasis, the

high frequency terms begin overdriving the
demodulator sooner than without pre-em-

phasis, and as a result, the low frequency
channels receive a considerable amount of
intermodulation power. The second and

third order products of baseband amplitude
nonlinearities are generated by successive
convolutions of the input power spectrum
with itself. The result is increaslng-inter-

modulati0n-°povcer with deci:easing fre-

quency. However, until the linear portion of
the demodulator is exceede d (at 400 kc) ; the
intermodulation in the bottom and middle

channels are essentially equal witch and With-

out pre-emphasis.
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SPACECRAFTNOISE FIGURE IN
NARROWBAND MODE

Introduction

On 26 October 1963, tests were conducted

at COMNUT with the Relay I spacecraft to
obtain data for calculations leading to space-
craft receiver noise figure in the narrowband
mode.

This report deals with the theory behind
the measurements and the calculations lead-
ing to the spacecraft noise figure evaluations.

Experiment Outline

During the experiment COMNUT meas-
ured (on orbit 2465) the receiver signal-to-

noise ratio in multiplex channel 12 as a func-
tion of transmitted power. The transmitted
power was successively set to 10 kw, 5 kw,
3 kw, 2 kw, 1 kw, 500 w, 100 w, and 50 w.
The channel signal-to-noise ratio is a func-
tion of the RF carrier-to-noise ratio and is

determined at critical points in the commu-
nications system (e.g., receiver inputs where
thermal noise is a significant portion of the

totai-_inP_U_-t). In-_h_-l_elay I Satellite-COM-
NUT Sys_em-t-h-_eare two such points : (1)
at the_-_r_t receiver input, and (2) at

the COMo=N_-re:cei_r input. These noise
sogr_a_----c_6n-iy expressed as noise
p_ densities and are represented mathe-
matically by 4_.watts per cycle of bandwidth

for the satellite and _ watts per cycle of
bandwidth for the COMNUT receiver. Also

¢_ can be expressed as a noise figure:

[ ]_" db
NF 10 log 1 -_ (K) (290)

(12.11)
where

NF = noise figure (db)

¢_ -- spacecraft receiver noise power den-
sity (watts/cycle)

K -=-Boltzmann's constant

(1.38 X 10-_ joules/°K/cps)
290 -- reference temperature (degrees

KeI_)

The reiati0nship between noise power
densities and received single channel signal
to noise is given by:

8

0

P,_
t_

where

P%/P%----

A_,ff =
fm
b __

p --

P_

P S_ p

2b (n _ ¢,, +--_-_ )

(12.12)

channel signal to noise power
ratio

top channel modulation index

multiplex channel bandwith (cps)
pre-emphasis factor
carrier power level entering
spacecraft receiver (watts)
noise increment factor due to

frequency multiplication in
spacecraft

G -- net gain between satellite receiver
input and COMNUT receiver in-
put

_,_ -- spacecraft receiver noise power
density (watts/cps)

¢_ ---- ground receiver noise power
density (watts/cps)

With the exception of G and n, all factors
in the equation P, P, are known and re-
main constant during _he experiment.

Determination of G

AGC circuitry in the spacecraft controls
the main IF amplifier gain and consequently
the net gain G, by maintaining the total out-
put of the IF amplifier constant.
For example :

or

G (P_ + B, _,) :K (12.13)
V

K K'

P, + B,, _, P,
,- _ +1

(12.14)

where B,, _ spacecraft transponder band-

width (cps) and K" ----K/B_.

When P, _ _ B,._,,, equation (12.13) re-

duces to

where P_
q

ceiver.

K=GP, =P_
V

= signal oower at ground re-

.......... :::::(:-::
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Thus, K can be determined for a specific

system: (1) by illuminating the spacecraft
at a level whereby the relationship P_ > >

B,:_,, is satisfied, and (2) by measuring P%.
For the system under consideration,

P, = --70 dbm when COMNUT trans-

mits 10 kw. For a typical spacecraft noise
figure of 14 db, B,:_. = --97 dbm. There-
fore the inequality can be satisfied and K
can be determined. Once K is determined,
the net gain G is determined from Equation

(12.14) as a function of P% with spacecraft
noise power density (_.) as a parameter.

As an example, when COMNUT trans-
mitted 10 kw, P_ was measured as --99

g

dbm. Therefore, K = --99 dbm.

Determination of N

After entering the satellite transponder,
carrier power, S,, and noise power undergo
a frequency translation and enter a fre-
quency tripler. Being a nonlinear device, the
tripler mixes the carrier and noise power
causing additional noise products. Equation

(12.15), which follows, demonstrates the
tripling process affecting the carrier and
noise voltage amplitudes:

Vo=K (S_+N,) 3 (12.15)

where

Vo = tripler output voltage

S_ = tripler input signal amplitude
N_ = tripler input noise amplitude

where

N--A-°--tripler output noise-to-signal
So --

voltage ratio
and

N--A%--tripler input noise-to-signal
Si --

voltage ratio

N_ Yi2 IThe term 3+3 _+ S_2, is the fac-

tor by which input noise to carrier is in-
creased due to the frequency tripling process.
The noise power increase resulting from

frequency tripling of a carrier is obtained
by squaring Equation (1_.16) resulting in:

N°2 P" I + 3h N2 _2 N_2

o

-- n 2 N_ 2 n2 P.i
-- S} -- P,i (12.17)

where n 2 is defined as the noise power in-
crement factor.

Figure 12-15 shows the relationship be-

tween S_/N_ and n 2.

Expanding,

Vo
K = S_3 + 3 Si 2 Ni + 3 SiN_ _ + Ni _

Here, S} represents the amplitude of the
tripled carrier frequency. The other terms
represent noise contributions. The noise-to-
signal ratio at the output of the tripler can,
therefore, be written as:

No 3 Si 2 Ni 3 Si Yi _ Ni 3

So -- Si 3 -_-" Si 3 -_- Si_

Ni 3 Ni 2 Np
= 3--_i--_---_i2 "_f- S,3

Ni Ni _ INo N, 3 + 3-_-" -[-_f] (12.16)So -- S_

FIGURE 12-15.--Signal to noise characteristics of
multiplex channel 12 Relay I orbit 2465.
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Note that for large carrier-to-noise values

the square of the increment factor ap-

proaches nine which is the square of the
frequency multiplication factor. The values
of G and n 2 can then be used in Equation

(12.12) to obtain theoretical values of
(P_ /P,, ).

o o

Determination of Spacecraft Noise Figure

The theoretical values of signal to noise
(P_/P,,) with _, as a parameter can be

0 O

presented as a family of curves. Empirical
values of (P_/P,, ) can then be superimposed

0 0

upon these theoretical curves. The theoret-
ical curve most closely matching the empir-
ical one determines noise figure.

Experiment and Calculations

Experiment Procedure

The previous section discussed the theory
and relationships needed to determine space-
craft noise figure. Channel signal-to-noise
measurements were conducted to provide
the_nformati0n for calculating G and emIfir:

range calculation is necessary. At 1,723.33
Mc, the path loss for an average range of

7,977 km is:

_ 32.9 -l- 20 log 1723.33 q- 20 log 7977
--: 176 db

Carrier power P% arriving at the satellite :

P_ : Pr _ A -- ,_ _ A_ dbm

Pr ---- transmitted power (dbm)
A z COMNUT's antenna gain (37.6 db)

---- path loss (db)
A, ---- spacecraft antenna gain (db)

When COMNUT transmitted 10 kw, the

carrier power arriving at the satellite was:

P,_ -- _-70 -[-37.6 --176 --3 _ --71.4 dbm
_g

Theoretical Signal-to-Noise ratio (P_ /P,, )
o o

to be expected in multiplex channel12: Tabu-
lated below are terms and their values to be

inserted in Equation (12.12). These are
obtained from known system parameters.

A f : 126 ke peak

A f __ 2.21 _ 3.44 db
icals_ign-_°-n°ise Vdiues_" ....................... fm

S!gnal-_o-noIse measurements wereper- b

formed for orbit 2465 as described in the
Relay Communication Experiment Plan Tes_ _

IIIB1 (R1-0521) except that transmitted
power was programmed in S-teps descendifig
from 10 kw to 50 watts_ The signal-to-noise
ratio in Multiplex Channel 12 was measured

at each power level.

Calculation of Parameters

This section presents typical calculations

which::!ead=to: Spacecraft receiver noise fig-
ure.

Path loss between COMNUT and the space-

craft at 1,733.33 Mc: Up-link path loss is
given by :

: 32.1 q- 20 log f -k 20 log d

where

-- path loss (db)
f __ frequency (Mc)
d = distance (km)

Range variations for orbit 2465 cause only

a _+0.1-db change in path loss, so only one

-- 3 _ 10_ eps ---- 34.8 db above 1 cps

4,_ ---- --170.6 dbm/cycle for a system tem-
perature of 350°K

4_ __ assumed parameter
n-" --_ function of S/N_
G ---- to be determined
B -- effective system noise bandwidth

(controlled by the phase locked loop
in COMNUTS communications re'

ceiver.)
B, = bandwidth of spacecraft in the nar-

rowband mode (2 X 10 _ cps or 63.2

db above 1 cps*)
K : --99 dbm

The following steps are used to calculate
the theoretical signal to noise ratio (P_/P, )

0 O

to be expected at COMNUT as a function of
carrier power (P,) entering the spacecraft

receiver. A typica'i set of calculations is also

presented for an assumed spacecraft re-

*"Relay System Data Book," Space Technology

Laboratories, Inc., Los Angeles, 5 February 1962.
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ceiver noise figure of 12 db and carrier (P_)

power of --72 dbm.

4,._= KT,, = 10 log K -}- 10 log 290 nu NF
= --174 -t- 12 -- --162 dbm/cps

B_v = 56 --162 = --106 dbm
By _v = 63.2 --162 = --98.8 dbm

GP,
K' -- - ': -- --99 + 98.8 = --0.2 db

P,
-- --72 + 98.8 = 26.8 db

B_¢,v
K' K'

G--
P, P,

"+1

= --0.2 --26.8 = --27 db

P, ,_ p_

P_ -- _- ] 2b n2_ + _g
G

: 6.88 --72 --37.7 --10 log (n2_-}-_ _-_- ,).
(

For this particular case,
n 2 -- 9 = 9.5 db

n 2 _v -- 152.45 dbm/cps

_ _ 143.6 dbm/cps
G

10 log n 2 _ -_ _ = --143.6 dbm/cps
G

P,
° = (40.8 + p) db

P_,
0

P_
Figure 12-16 is a plot of ° vs P,

Pvt I"

0

in channel 12 as measured during orbit 2645.
Figure 12-17 is a plot of calculated P,/P,,

O 0

vs. P_ with ¢_ (or spacecraft noise figure)
73

as a parameter, considering p = 0. It is seen
in Figure 12-17 that for P_ _-- --60 dbm,

1)

P,/P, is essentially independent of ¢_.
o o

FmUaE 12-16.--Expected signal to noise character-

istics of channel 12 with spacecraft noise figure

as a parameter.

FIGURE 12-17.--Composite empirical and normalized

theoretical signal to noise characteristics for

Relay I orbit 2465.
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This enables one to normalize the theoret- cause of the high azimuth velocity and accel-
ical curves so that a comparison can be made eration capabilities required: to maintain

5et_een-_empirica]:and:_:t:heoretical Values: p-_gV-afitenna pointing. A typical near-

Figure i2±17:shows the norma_zed thee: _enith pass was Relay I orbit 1137. Figure
reticaicurves_shperimp0sed - on-the empiricaI 12"18 is a polar plot of the near-zenith por-
curve in such a manner_as to give"equa_- _ion of this pass which occurred between

suits at P_:-- _60 dbm.:T_h_s has_een :done, : _:_and 0034Z: From _his plot it can be
in effect, by assuming p -- 4 db which is the -_ '"
normal value for pre'emphasls improvemer_. _--_ \ ...... t

Conclusions ..... _ :_

Figure 12 17:sh0ws the empirical v__ _

of signal-to-noise in Multiplex ChanneI-_2 --=_

superimposed on the family of theoretma]
curves. At P, = --70 dbm, the empiricaTi::_

signal-to-noise ratio corresponds essentmll;_
to the theoretical signal-to-noise for a 16-dt_ -_ _

spacecraft receiver noise figure. At P%---- ...... _ __
--85dbm, the empirical :signal-to-noise ratio ._ "_

co_responds to the the_retic-ai _values _5r _a_-___
spacecraft noise figure of 18 db. Therefore, _ .
the spacecraft receiver:noise:_gure :isa::_

function of carrier power-a-rr:ivlng at_th_'_ _

satellite_s receiver, as shown in Table 1_2:-_r_.-_
This agrees _with prelaunch measuremen-ts: _ :_"

which are shown for comparison.

T^nLE i2:3. 5_zleIIite Re_ceiver Noise Figure as a _ unctwu __ /
of Received Carrier Power

Carrier

power (Psr _

(dbm3

= 70
-80
--85

Noise figure

from Orbit 2465 tests)

(db)

16

17

18

Noise figure

(from prelauneit tests)

(db)

14.2

16.8

It appears that the noise performance of
the spacecraft has degraded from the pre-
launch performance..For a typical oper-
ating point of 70 dbm the degradation is
seen as 1.8 db worsening in noise figure.

NEAR-ZENITH TRACKING EXPERIMENT

Near-zenith passes are among the most
severe tests on an az-el tracking mount be-

E

_====_=_

i¢,i,l_.,, _ o rr

FmuR_ 12-18.--Relay I orbit 1137, polar of zenith

part of pass.

seen that the maximum elevation angle was

89.6 degrees. The maximum azimuth rate
was 8 degrees/second.

Figure 12-19 is a section of the strip
chart recording taken during the pass. The
trace of azimuth error shows a maximum

error voltage of 150 my. This value of error

is compatible with the peak rate of 8 de-
grees/second. The autotrack system has an
error slope of 1 volt/degree; this error volt-
age corresponds to an angular difference of
9 minutes between the electrical axis of the

azimuth error channel and the azimuth di-
rection of the satellite.



544 RELAY I--PART II

ELEVA_ON

[RRC¢_

AZIMUTH
_OR

Ar._

WIND

VELOCn"Y

FmURE 12-19.--Typical zenith path Relay I
orbit 1137.

GENERAL CONCLUSIONS

The purpose of this report has been to

present an analysis of selected experiments

performed by COMNUT on Relay I during

1963. Wherever possible, measured perform-

ance has been compared with theoretical

performance to establish the validity of both

the analytical and empirical results.

Measurements of envelope delay and NPR

have shown good agreement with their cal-

culated values. However, work is continuing

on improving measurement techniques and

the interpretation of data.

It has been successfully demonstrated that

the two tone test provides a means for sep-

arately predicting the contributions of am-

plitude and phase nonlinearities to noise
intermodulation.

It has been shown that measured and cal-

culated values of signal-to-noise ratio agree

quite well, and that the phase-locked detec-

tion system used in COMNUT's receivers

provides a threshold improvement of 4 db.
The results of the measurement of satellite

noise figure show degradations of about 2 db

from prelaunch values.

Investigations are continuing on each of

the areas covered in the report to provide

additional data on system performance as
well as changes in performance with time.

AUTHORS. This chapter was written by

personnel of the International Telephone

and Telegraph Federal Laboratories, Nutley,

New Jersey, U.S.A. under contract NAS

5-2056 with NASA/Goddard Space Flight
Center.
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APPENDIX A: DEVELOPMENT OF SECOND AND

THIRD ORDER HARMONIC COMPONENTS

The input-output relationship is:

vo¢,= v_(t) + m2 V?(t) + m_ V?(t)

For two-tone tests:
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Collecting terms of like frequency the ampli-

tudes are tabulated below.

[ ]i

V_=g sin_,t+sino,2t

V2 __ g2 [ sin 2 _,, t + sin 2 <,,,_,t +

2 sin <,,,t sin _,.. t ]

d ( V, 2) [
_ dt -- g2 Lo, sin 2 o,_ t + 0,2 sin 2 0,2 t +

(oq + ¢o2)t -- (o,1 --0,2) sin (_ -- ¢o2) t]

9 3 9 ._V_ 3 -- _-g sin _,, t + -_-g" sin _2 t

4 sin 3 ,,,_ t -- sin 3 _2 t

--_-g sin (o,,+2,,,2)t----_g" sin (_2+2o,_)t
i
i

!
!
I

m

m:r

m:

E

E ¸

P

3 ._ 3 •
---_-g" sin (ol -- 2,02) t --_-sm g'_ (_,., -- 2 0,, ) t

d[ ] 9 g 3V,:' :-_ _,cos,,,,t

9 3 3 g3 t
+ -_-g o,2 cos _z t -- -_-o,_ cos 3 o,,

3 3
4 0,2g'_ cos 3 <o2t _ ga (o,, + 2 0,2)

cos (,,,, + 2 ,,,..)t

3
4 g3 (0,2 + 2 o,, ) cos (_o.2+ 2 o,, ) t

3
4 g3 (o,l -- 2 _2) cos (,,,1 -- 2 0,2) t

3
4-ga(o,2 -- 2 <,,,) cos G,,, -- 2 o,j)t

Term Amplitude (output)

COa

2¢ot

3¢o_

3_

9 _._ (9m_g_,_,)_]½__AgAg[(1 + -_m_g ) +

Ag[ (l + 9m_g_)' + (9m.g'o_)_]½ _--Ag

Ag' [m_' + m,'(_o,_+..%)' ] ½

Ag' [--_-- + m,' _,' ] ½

Agl [_ + m,' _ ] ½

A g3 m:,_ +

A 3g_[m.:,_ + ,n.J(_._ +_2_,):] '

AIg.[m_'+ 9m_- _0,' ] '

1 _[m_:+ 9m_'*0.'] ½A-_g.

A ___ 0.7 (baseband gain factor

g is defined as peak input volts

gA = peak output volts
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INTRODUCTION ....

For the purposes of this report, a demon-
stration is defined as an operation with the
spacecraft at the request of an individual or
organization, not necessarily associated with

test operations, for the purposeof exhibiting
the capability of the spacecraft a_=a world-
wide communication link. Within this defini-

tion, several demonstrations can be Conducted
during one revolution of the spacecraft, and
several types of operations can be performed
within the limits of one demonstration. For
these reasons it is not incorrcct to state that

112 revolutions were used, during Which 133
demonstrations were conducted, consisting
of the following elements:

• 80 television operations including 4 fail-
ureg

• 14 facsimile operations including 2 fail-
ures

• 7 teletype operations including 1 failure
• 35 voice operations including 13 failures

• 5 special operations including 2 failures
Demonstration participation by the several

ground stations is shown in the following
chart.

Several significant firsts in the field of
satellite communications were accomplished
during this period. The earliest was during
revolution 267 on 17 January 1963 when the
continent of South America was welcomed

into this type operation through COMRIO,

Chapter 1

Type demonstration
Staiion

TV

COMANI)

COM]_OD

COMGEB

COMHIL

COMIBA

COMMOJ

COMNUT

COMRIO

COMTEL

75

32

42

5

5

Fax TTY Voicc

2 1 14

2 I

2

6 13

12 6 19

5 3 18

5 4

Special

*See Appendix C, Page 556 for location of ground stations.

the "Radional" station at Jacarepagu_ in
suburban Rio de Janeiro, Brazil. Voice and

teletype messages were transmitted in both
directions in English, Portuguese and Span-
ish.

On 8 November 1963, during revolution
2566, greetings were exchanged between Mr.

James Webb, NASA Administrator, and Mr.
Richard Stuecklen of the Deutsche Bundes-

post. These greetings were exchanged via
the COMAND and COMGEB stations. Thus

was Germany welcomed into the field of

space communications.

Japan was first contacted via satellite on
22 November 1963 when a prepared inaugu-
ral television program was transmitted to

COMIBA from COMMOJ.
On 28 September 1963 during revolution

2722 material was transmitted from COM-
BOD to COMAND. The European material

E

_E
........ ................................................... :..:.:_:_:.: :__ : • [ .............................................
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was then augmented by more material in
the United States and was later transmitted

from COMMOJ to COMIBA. Of prime
significance in this operation was the demon-
stration of the truly international character-
istic of satellite communication. Material

was taped in France, Italy, Russia, England
and other European countries by the British
Broadcasting Company and transmitted from
the French ground station to the United
States. The material added here was from

Canada and Mexico as well as from the
United States. Reports indicate that the

material was enthusiastically received in
Japan.

TELEVISION

The four television attempts which failed
were as follows:

1. Revolution 1353 when the network pool
coordinator did not order lines between Paris
and Pleumeur-Bodou.

2. Revolution 1500 due to an equipment
failure at COMHIL.

3. and 4. During revolution 1516 and 1523
where the BBC experienced trouble in their
equipment at London.

The subject material of these demonstra-

tions was quite varied, ranging from the
opening ceremonies of the Mona Lisa dis-

play in Washington to the opening cere-
monies of the annual TV "Emmy" awards
program. There were isolated individual

programs such as the conferring of United
States citizenship on Sir Winston Churchill

and there were subjects which received mass
coverage such as the nine transmissions as-
sociated with the death and election of the

Pope, seven concerning the MA-9 launch,

nine on President Kennedy's trip to Europe
and seventeen on President Kennedy's as-
sassination and funeral.

Selected demonstrations are discussed and

pictures taken of the monitors during those
demonstrations are exhibited in Appendix A
of this chapter. The selection of demonstra-

tion for Appendix A was based upon avail-
ability of photographs and for video tapes
as well as the desire to present an example

of each normal operating combination, i.e.,
COMAND to COMBOD, COMHIL to COM-
AND, etc.

The material used during revolution 749
on 20 March 1963, although not planned as
a demonstration, was used on a National

Broadcasting Corporation network program.
It consisted of ten minutes, in color, from
the "Kidnapped" story presented on Walt
Disney's "Wonderful World of Color" pro-
gram. The material originated in New York,
was looped through the spacecraft at
COMAND and was sent back to New York
where it was taped.

FACSIMILE

The two attempts at facsimile demonstra-
tions which failed were during revolution

664 when the spacecraft could not be com-
manded properly and revolution 1044 when
COMRIO could not operate.

The subject material for these demonstra-
tions consisted mainly of news_Ph0to_aphs

and descriptive material for magazine ar-
ticles. Of special interest were the following:

1. Revolution 657 on 8 March 1963 dur-

ing which a photograph of Mrs. Betty
Miller, a woman pilot, was transmitted from
COMNUT for simultaneous reception at
COMBOD, COMHIL and COMTEL. The
Associated Press offices in Rome and in Lon-

don retransmitted, via cable, back to New
York the results of the demonstration. These

photographs and the original are reproduced
in Figure 1-1.

2. Revolution 997 on 21 April 1963 during
which color facsimile was transmitted from
COMNUT to COMTEL. The results of this

transmission were used by several publica-

tion in Italy. A copy of the three black and
white masters for this particular pass are
shown in Figure 1-2.

3. Revolutions 1035 on 25 April 1963 when
color facsimile was transmitted from COM-

NUT to COMHIL and 1073 on 30 April

1963 when the same picture was transmitted
back from COMHIL to COMNUT. A repro-
duction of the picture was used on the cover
of "Electronics" magazine.
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Picture received _n New York

from London

8 1963.FIGURE 1-1.--COMNUT to COMBOD, COMHIL, and COMTEL, revolution 657, :March
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m

FmuaE 1-2.--COMNUT to COMTEL. Revolution

997, 21 April 1963.

TELETYPE

Of the seven teletype demonstrations,

COMAND participated in one, COMNUT in
six, COMTEL in four and COMRIO in three.
The only failure was during revolution 407
on 4 February 1963 when an equipment mal-
function at COMNUT necessitated termina-
tion of transmission after one demonstration

had been completed, but prior to the start
of a second.

The material used was press copy and
magazine article material as well as some

interchange of greetings. A portion of the
message transmitted during the first half of

revolution 407 on 4 February 1963 is repro-
duced herein as received at COMRIO and

retransmitted to Goddard Space Flight Cen-
ter. The message is in Portugue§e and is

part of an article for "Vis_o" magazine, a
Brazilian publication.

VOICE

Of the 3_ voice transmissions, COMAND

"participated in 13, COMHiL in 14, COMTEL
in 2, COMNUT In:19,::COMRI0 in 18, and
C-O]_(TE-t_ in 2. _e thirteen failures were
as follows.

1. through 7. were during revolutions 383,
391, 796, 797, 812, 813, and 827 when COM-
RIO was unable to support.

_UA_DO 0 SATELITE DE C C'RUN ICACOES RELAY P_ESAVA POR SO,RE A

A_ERIC_ DO NO_TE H_ ALG_NS DIASo URA NEN_AGE_ RADIFOH[CA DO SATELITE

FOI C_PTADA PEL_ CE_TRO DE VO0 ESPACIAL DE GODDAR_ P£RTO DE

WASHI_GTO_ D.C. _0 L[_ _ NENSAGEM, JACK FLAHERTY_ DIRECTOR DO

PROGRAN_ DE L_CA_E_TO DEnS SATELITE, OBSERYOU PAPA UM DE _EU_

A_SIgTENTES: _ SATELIT[ ESTA FRIO. _ TENPERATURA CAIU PARA Ig

_EGRE[S C. VA_O_ CA_C_LAR TODA$ AS CO_LINICACOES EXPER[_ENTA_ CO_

0 BRASIL _S PRO×I_AS OR_ITAS E ESPERAR _UE _S BATERI_S DO S_T£LITE

SE CA_R_GUE_ _OVANE_TE.

UN_ VEZ REC_RREGADA_, AS 8ATE_I_ CONE_ARAR _ GERAR CALOR E A

TE_P_ATUR_ I_TERIOR DO RELAY LOGO ATI_GIU 2_ DE_RE_S Cj _UANDO OS

D[LICADO$ INST_UN_'_'_TO_ DO RELAY PU_ERA_ VOLTAR A FUNCIC_AR.

NORHALNENTE DE_TRO DO _AXI_O CO_FORTO.

NULTIPLI_U_ E_TE PEOUE_O PROBLEHA PELOS 12g SATELITES QUE OS

ESTADOS U_IDOS JA L_NCARAM COM EXITO _OS ULTINOS CI_CO _NOS_ E

DEPD[g MULT[PLI_O[ E_E RESULTADO PELO$ MILHARES DE DADOS QUE CADA

UM DE_E_ _ATELITE_ _OS T_NSN[TE_ E [ FACIL AVALIAR A T_ABA_HEIRA

OUE NOS t _Ol]_ _N TERRA_ TEHO_ CON E_SA NARAVILHOSA ERA DO E_PACO m

D[_ JACK FL_HERTY.

05 C_ENTISTA_ E_PACIAI$ ESTADUNID_ISES FORA_ AUTHORIZADO$ A

50LICITA_ ASSI_TE_CIA E COOPERACAO DE CERCA DE VINTE PAISES PARA A

CO_T_UCCAO DE SUh_ _UATRO REDES DE ESCUT_ QUE HOjE CQt_TA_ CON 27

ESTACOES DO_ ESTADO_ U_IDOS_ _N l_ PAISES DIFERE_TES_ EENDO SEI_ _

8. and 9. during revolution 1027 when the
command encoder failed at COMCON.

10. during revolution 1044 when COMRIO
was unable to support.

11. and 12. during revolution 1392 when

there was an antenna steering failure at
COMHIL.

13. during revolution 2248 when a tele-
phone operator opened the circuit because
no one was speaking.

The material comprising all these demon-

strations was quite varied, ranging from tele-
phone calls between engineers to evaluate
the quality of transmission to greetings of
address between heads of government agen-
cies.

Because there is no way to present in print

the results of voice transmission for sub-
jective analysis, none of these demonstra-
tions are herein discussed in detail. It must

be said, however, that the great majority
of participants, whose opinions have been
made known to the writerl are in agreement
that satellite voice communication is gen-

erally of excellent quality.
A special engineering test, not planned as

a demonstration but of public interest, was
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that on 13 September 1963 during RELAY

revolution 2131/32, a telephone conversation
was completed from Mr. Ho_ward Miller,
a NASA/GSFC representative on f)oard the
USNS "KINGSPORT" in the harbor at

Lagos, Nigeria to Jo_o Carlos Fonseca, the
station manager at COMRIO in Brazil. The
routing of the conversation was from the

"KINGSPORT" to Fort Dix, New Jersey
via SYNCOM thence to COMNUT, in Nutley,
New Jersey via normal telephone circuits

and from COMNUT to COMRI0 via Relay.

SPECIAL

Of the five special transmissions all were ___
participated in by COMNUT, two by COM-

B0D and three by COMH!L. The t w9 fail-
:nres were during revolution 1291 when an

operator somewhere between the Mayo Clinic
a_,n_d..COMNUT attempted to clear the "noise
6_e Hne" which was an electroenceDh-alo- -

:gram -c/_libration, and r_volution 1392 _when
COMHIL was unsuccessful in transmitting
automcatje typesetting data to ......COMNUT.

_Tt__e success consisted of transm]ssfon of

e-- ee/ ; encephalogram :/ Ue ayo
Clin{c_t_-o_the Burden Neurological Center

during revolution 1035 on 25 April 1963, a
re(a] e]ectrocardi_ogr_ _ ti_e--Mi: Sinai

Hospital in Milwaukee, Wisconsin to the

C.N.R.S. in Paris, during revolution 1291 on
28 May 1963, automatic typesetting from
Chicago, Illinois to London and Rio de Ja-

neiro and from Rio de Janeir__toChicago
duringrevolution 1392:on-i_0_u_ne--1963, and
automatic typesetting from London to Chi-

cago during revolution 1423 on 14 Jun_!963.

AUTHOR. This chapter was con-tri-buted by

_. BULLOCK, NASA/Goddard SpaceFlight

Center, Greenbelt, Maryland, U.S.A.

-_\- APPENDIX A _ -

--0fthe 80 television demonstrations, six
have-been selected for fu-_her=_a_ol-ation.

The selection of these six was based_ upon
availability of photographs and/or video

tapes as well as the desire to present an
example of each normal operating combina-
tion, i.e., COMAND to COMBOD, COMHIL

553

public of the 7tT[ona Lisa display in Wash-
ington, D.C. (See Figure 1-3).

FmURE 1-3. First demonstration via Relay I space-

craft, COMAND to COMBOD, revolution 207,

9 Jan. 1963.

_win

to COMAND,_: etC. The selected six are:

Rev. 207-,COMAND t 0 _QMB OD
Rev. 910--COMAND to COMHIL
Rev. l189--COMAND to CoMTEL

Rev. 1508--COMBOD to COMAND
Rev. 1531--COMHIL to COMAND

Rev. 2677--COMMOJ to COMIBA

Revolution 207 on 9 January 1963 was the

first demonstration of any type via the Relay
I spacecraft. It consisted of the transmis-
sion from COMAND to COMBOD of the

program assocmted with the openlng to the
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Revolution 910 on 9 April 1963 was a dem-

onstration transmission involving Relay I

and the English station. The transmission
was from COMAND to COMHIL and con-

sisted of the ceremonies during which Presi-

dent Kennedy bestowed honorary United

States citizenship on Sir Winston Churchill.

(See Figure 1-4.)

monitored the transmission and sent pictures

of their reception to Goddard Space Flight

Center. (See Figure 1-5).

Revolution 1508 on 25 June 1963 was

a COMBOD to COMAND transmission of

events associated with President Kennedy's

visit to Frankfurt, Germany. The material

was recorded at COMAND. These photo-

graphs were made from the COMAND video

tape recording. (See Figure 1-6.)

FIGURE 1-4.--COMAND to COMHIL, revolution 910
on 9 April 1963.

Revolution 1189 on 15 May 1963 was a

COMAND to COMHIL program of miscel-

laneous studio pictures and material asso-
ciated with the MA-9 launch. COMTEL

FIGURE 1-5.---COMAND to COMHIL, revolution
1189, 15 May 1963.
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FIGURE 1-6.--COMBOD to COMAND, revolution
1508, 25 June 1963.

Revolution 1531 on 28 June 1963 was a
COMHIL to COMAND transmission of Presi-

dent Kennedy's speech to the Irish Parlia-
ment. This program was used live on the
National Broadcasting Company network.

These photogrraphs" were made from the
COMAND video tape recording. (See Fig-
ure 1-7).

Revolution 2677 on 22 November 1963

marked the first Japanese demonstration and
consisted of a COMMOJ to COMIBA trans-

mission of a program of welcoming messages
to inaugurate operation at the Japanese

FIGURE 1-7.--COMHIL to: COMAND, rev0iution

153i, 28 June 1963.

terminal. These photographs are from the
video tape recording made at COMIBA. (See
Figure 1-8).

APPENDIX B

This appendix is a tabulation of all the
demonstrations performed. Each revolution
used and the date it occprxed is listed. Tab-
ulated versus the number listing is the type

of demonstration performed. The attempt
number (under A) success number (under
S) and failure numbef-_(under F) is listed

by type and total for each revolution.
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TABLE 1-1.

Rev. Date

207 1 9-63

2O8 1- 9-63

267 1-17-63

275 1-18-63

285 1-19-63

363 1-29 63

383 2- 1-63

391 2- 2-63

407 2- 4-63

407 2- 4-63

440 2- 8-63

440 2- 8-63

440 2- 8-63

657 3- 8-63

663 3- 9-63

664 3- 9-63

757 3-10 -63

789 3 25-63

795 3-26_3

796 3-26-63

797 3 26-63

812 3-28-63

813 3 -28-63

827 3-30-63

828 3-30-63

874 4- 5-63

905 4 9-73

910 4- 9 63

926 4-11-63

927 4 12-63

967 4 -17-63

967 4-17-63

982 4 19 63

983 4 19-63

997 4-21-63

1013 4-22-63

1027 4-24-63

1027 4 24 63

1035 4-25-63

1035 4-25 63

1035 4-25-63

1044 4-26 63

1044 4-26-53

1073 4-30 -63

1073 4-30-63

1160 5 11-63

1174 5-13-63

1181 5 14 63

1189 5-15-63

119l 5-16 63

1191 5-15 63

1197 5-16- 63

A

1

2

3

TV

S

l

2

3_

4 4

5 5

6 6

7 7

8 8

9 9

10 l0

ll iI

12 12

13 13

14 14

F

F_x

A S F
1

2 2_

3 ! 1
4 3

5 4

6 5

7 6

8 7

9 8

10 9

ll 10

12 2

13 11

TTY

A S

1 1

2 2

3 3

4

5 4

6 5

Value

F A S

1 l

2 2

3 3

4

5

l

6 4

7 5

8 6

9 7

lO I 8

11

12

13

14

15

16 9

17 10

18 11

19 12

20 13

21

22

23

24 14

25 15

Special

F A S

1

2

l

3

4

5

6

7

8

9

1 1

10

Li Total

A S F

1 1

2 2

3 3

4 4

i 5 5
6 6

7 1

8 2

9 7

10 3

11 81

12 9

13 10

14 11

15 121

16 4

17 13

18 14

19 15

2O 5

21 6

22 7

23 8

24 9

25 16

26 17

27 ]8

28 19

29 20

30 21

31 22

32 23

33 24

34 25

35 26

36 27

37 10

38 I 1

39 28

40 29

41 30

42 12 [
43 13
44 31 |

i
45 32 )

46 33 [

47 34

48 35

49 36

50 37

51 38

52 39
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D
/

E

L

Rev.

11o9
12_

1253
1260

1291

1291
1307
i3i5
1329

1345

1345

1353

1392

13_2
1392

1_5
1415
1423

1423

1462

1469

1477

1485

1492

1500

1508

1516

1523

1531

1539

1547

1554

I562

Date
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:TABLE I:_ii--(Continued)

TV Fax TTY Value I Special Total

]
A S F A S F A F S A S F A F _ A S F

2100

2162/63

2248

2342

2,103

2404

2436

2442

2449

2459

2513

2551

2560

2566

2589

2637

2667

2677

2678

5-16-63 15 15

5-17-63 16 16

5-23-63 17 17

5-24-63 18 18

5-28-63

5-28-63

5-30=63 19 19

5-31-63 2O 20

6- 2-63 21 2l

6- 4-63 22 22

6- 463 23 23

6- 5-63 24

6-10-63

6 10=63

6-10-63

6-13-63

6-13-63

6-14-63

6-14-63

6-19-63 25 24

6-20--63 26 25

6 21-63 27 26

6-22-63 28 27

6-23-63 29 28

6 24 63 30

6-25-63 31 29

6 26 63 32

6-27 63 33

6-28-63 34 30

6-29-63 35 31

6-30-63 36 32

7- 1-63 37 33

7- 2-63 38 34

7 6

26 16 2 2

3

27

28

29 17

30 18

4

11

12

5 3

53 40

54 41

55 42

56 43

57 44

I 58 14

59 45

60 '46

61 47

62 48

63 49

64 15

2 65 16

66 17

67 18

68 50

69 i51
70 52

71 53

72 54

73 55

74 56

75 57

76 58

77 19

78 59

79 2O

80 21

81 60

82 i6t
83 62

84 63

85, 64

: 2

9- 9-63 39 35 .............

9-17-63 40 37

9-28 63

10 10-63 41 38

10-18 63 14 12

10-18-63 42 38

10 22 63 43 39

10-23-63 44 40

10--2,1-63

10 25-63 45 41

11- 1-63 46 42

11 6 63 47 43

11- 7-63 48 44

11- 8-63

11 11 63

11-17 63 49 45

11-21-63 50 46

11-22-63 51 47

11-77-63 52 48

: : : L

31 13

32 19

33 20

34 21

86 65

87 66

88

89 67

90 68

91 69

92 7O

93 71

94 72

95 73

96 74

97 75

98 76

99 77

loo 78

lO1 79

102 80

10381

104 } 82

22
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TABLE 1-1.--(Continued)

TV Fax TTY Value Special Total

Rev. Date

2681

2681

2682

2682

2683

2683

2684

2684

2689

2690

2691

2691

2699

27OO

2701

2715

2721

2722

2724

2808

2893

3017

3086

3094

3102

3109

3293

3689

3712

A S F A S F A S F A S F A S F A S F

11-23-63 53 49

11-23-63 54 50

11-23-63 55 51

11-23-63 56 52

11-23-63 57 53

11-23-63 58 54

11-23-63 59 55

11-23-63 60 56

11-24-63 61 57

11-24-63 62 58

11-24-63 63 59

11-24-63 64 60

11-25--63 65 61

11-25-63 66 62

11-25-63 67 63

11-27-63 68 64

11-28-63 69 65

11-28-63 70 66

11-28-63 71 67

12- 9-63 ,.

12-2(L63 72 68

1- 5-64 73 69

1-14-64 74 70

1-15-64 75 71

1-16-64 76 72

1-17-64 77 73

2- 9-64 78 74

3-31-64 79 75

4- 3-64 80 76

35 22

105 83

106 84

107 85

108 86

109 87

110 88

111 89

112 90

113 91

114 92

115 93

ll6 94

117 95

118 96

119 97

120 98

121 99

122 100

123 101

124 102

125 [03

126 [04

127 iI35

128 too

129 106

130 107

131 108

132 109

i133 [10
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APPENDIX C

FIGURE 1-8.--COMMOJ to COMIBA, revolution
2677, 22 Nov. 1963.

COMAND--Ground Station of the American

Telephone and Telegraph Com-

pany in East Andover, Maine.

COMBOD--Ground Station of the French

Ministry of Posts and Telecom-

munications in Pleumeur-Bodou,
France.

COMGEB--Ground Station of the Deutsche

Bundespost in Raisting, Ger-

many.

COMHIL--Ground Station Of the British

General Post Office: in: Goonhilly

Downs, England.

COMIBA --Ground Station of the Kokusai

Denshin Denwa Company in

Juo-Machi near Tokyo, Japan.

COMMOJ--NASA test and operations sta-

tion at Goldstone, near Barstow,
California.

COMNUT--Ground Station of the Interna-

tional Telephone and Telegraph

Company in Nutley, New Jersey.

COMRIO--Ground Station of the Com-

panhia R_dio Internacional do
Brasil in Jacarepagua, near Rio

de Janeiro, Brazil.

COMTEL --Ground Station of the Telespazio

organization in Fucino, Italy.
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Chapter 2
-i

Rio de Janeiro Space Communications Station

--_i i:
:: := : -[ : ::: ::: t 0

_he R_o de Janeiro Space Communication Station is being used to Conduct two-

way te|ephorie_ _teletype and data transoceanic experimental communications by satellite,

between North America, Europe and South America.

Designed and engineered by the Space Communications Laboratory of ITT Federal

Laboratories, Rio de Janeiro Ground Station is operated by Companhia Rfidio Inter-

nacional do Brasil by authority of the Brazilian Administration, which is cooperating

with the U. S. National Aeronautics and Space Administration (NASA) on the

Project Relay Experiments.

The Station can handle two-way, 12 simultaneous telephone conversations or 12

teleprinter of high speed data per voice channel or 144 total circuits whenever speech

is not being transmitted.

This chapter describes the general

equipment, and operational procedures.

GENERAL STATION DESCRIPTION

-.COMRIO Station, standing for COMMU-
NICATIONS RIO DE JANEIRO, is located
on the southern part of the city "• In a non-

!ndustria] zone shieIfl_ed by mountains. It
covers 108,000 square feet of _ffat, dry, sandy
soil. The layout of the Station is shown in
Figure 2-1.

=!The foilowi-ng factors were considered in

the selection of a site: horizon profile, acces-
sibility, microwave and TV interference and
proximity of Brazil's international Traffic
center (see Figure 2-2).

The choice of horizon profile was made
considering maximum operational time utili-
zation during a pass as well as shielding

from nearby ground microwave and TV sta-
tions.

Microwave links and TV stations are listed

in Table 2-1. No interference has been no-
ticed to date from these sources.

561

station setup, the general design o_th_jn)

A polar plot of the horizon profile is shown

in Figure 2-3 as well as the percentage of
of utilization of the azimuths during satellite
communications. It can be seen that the

azimuths utilized during 70_ of time occur
between 330 ° and 30 ° , with a maximum
elevation obstacle in the range of 4.6 °. The
highest obstacle, however, is at 7 ° 42" eleva-
tion, occurring in a 10 ° utilization sector.

Coordinates of the reference mark are

Latitude South 22°57 , 06.5" + 1.2"; Longi-
tude 43°22'20.T" + 1.3"; Altitude 4.478 m
above mean sea level, as determined by geo-

detic survey. Distance of station site to
downtown Rio de Janeiro is approximately

20 miles served by paved road.

A record of 1962 station weather is listed

on Table 2-2. Annual averages are 27.4 to
17.6 _ C temperature varmtmn, 80.3_ rela-

tive humidity, 112.0 mm "_precipitation and
1.3 m/s wind velocity.
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m o,
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t Jmt¢_l

_ r_Nc _l_m

FIGURE 2-1.--Station layout.

The whole communications terminal con-

sists of a 31' X 8' X 11'8" equipment van
weighing 20,000 Ibs., 11'6" X 8' X 9'9" an-
tenna trailer weighing 26,000 lbs., 114"X
100" X 48" heat exchanger trailer weighing

3,000 lbs., and 11'6" X 8' X 17' antenna panel
trailer weighing 4,500 lbs.

The equipment arrived in Rio de Janeiro

December 8, 1962 by aircraft. It was erected
and system checked so that by December
13, Satellite" Relay I, orbit 1, was manually
tracked by its 136 Mc VHF beason. On Jan-

uary 12, first voice and TTY message was
relayed through Satellite Relay, orbit 229,
to a similar ground station located at Nut-

ley, New Jersey, U.S.A.
Primary power comes through a 25 KV

aerial feeder, 50 cps, stepped down to 208V,
4 wires with 300 KVA capacity each. They

are protected by 30 KV 1,000 MVA circuit
breaker. Four 208V feeders are distributed

with the following installed capacity: VAN

• Ii

FmvRV, 2-2.--Station site location.

140 KVA, Antenna 70 KVA, Heat-Exchanger
40 KVA and Supporting House 550 KVA.

Emergency power is provided by one 125
KVA and one 50 KVA Diesel engines. Sup-

porting facilities consist of a main building
covering 3470 ft e with office warehouse, bed-
room, kitchen, power substation and an emer-
gency power building as shown in Figure
2-1. The Administration Building is shown

in Figure 2-4.
A satellite simulator, that is, a transponder

corresponding electrically to the satellite, is
located 3 miles away on a hill with available
access road and primary power. It is viewed
from the station reference mark at azimuth

64.72 ° and elevation 2.96 °.

Support communications facilities include
one 50 Bauds, double current operation tele-
type connected by land-line to a TELEX
international network; one standard 4 wire

telephone channel for demonstration and
service purposes connected to downtown in-

N

S

OCCURRENCE: Of AZIMUTH ANGLES
| ON PASS[S FIil)M DEC 62 - _ 6,1

FIGURE 2-3.--Horizon profile.
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TABLE 2-1.--Microwave and TV Links

Type of
station

Microwave

link

Microwave

link

Microwave

link

TV

station

TV

station

TV

station

Location

Mendes

Caxias

Petropolis

Sumar_

Sumar_

Sumar_

Distance of
COMRIO

(Kin)

81

21

6O

12

12

12

Fre (_ec_eies

3,928.75

3,971.25

3,891.25

4,008.75

3,810

3,920

82-88

7,036

7,250

10,900

186-192

7,030

6,897.5

6,950

210-216

6,170

6,330

6,845

6,795

6,895

Power

I

1

5

5

30,000
1

1

1

20,000
1

1

1

30,000

1

1

I

1

1

ternational telephone exchange through am-
plified land-lines; one two-wire crank-up
telephone connected to local suburban net-
work, operated via manual switchboard; and

one simplex voice channel 136 Mc VHF con-
nection between equipment van and satellite
simulator location.

GENERAL DESIGN OF STATION

Rio de Janeiro Space Communication Ter-
minal is characterized by a 10 Kw transmit-
ter, a 30 ft. antenna reflector, and a system
noise temperature of 420 ° K.

The receiving front-end, transmitter fre-

quency generating stages, and power am-
plifier are housed in an antenna-mounted
electronic package which is mechanically in-

TABLE 2-2.--Weather Data--196_

Month

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug
Sep

Oct

Nov

Dee

Annual

average

Monthly

average
temperatures (uC)

Max. Min.

29.5 21.1

29.9 21.7

32.4 22.4

28.5 19.3

23.5 17.1

23.1 12.9

25.9 13.9

26.7 9.7

26.6 17.8

26,6 15.2

28.0 19.7

28.7 20.9

27°.4 17°.6

Relative
humidity

(%)

83

82

73

75

78

77

78

83

78

91

87

79

80.3

Precipi-
tation
(ram l)

412.6

249.6

40.0

29.0

69.7

21.1

49.7

44.8

69.1

77.5

95,1

183.3

112.0

Wind

Velocity
(m/S) Direction

1.3 SE

1.2 BE
1.1 SE

1A SE

1.3 SE
1.4 NE

1.3 SE

1.6 SE
1.1 NE

1.4 SE

1.5 SE

1.4 SE

1.3 ........

terchangeable so as to match the operating
frequencies of the respective satellite for
which the terminal is to be used.

COMRIO Station is presently equipped to

participate primarily in Project Relay, but
also suitable for modification and extension

as required for later experiments.
The receiving IF and final stages, the

transmitter power supply, the modulator, the
terminal equipment, as well as control and
testing facilities, are van mounted. The

equipment van is shown in Figure 2-5. This
arrangement eliminates the need for rotary
joints. Suitable cabling interconnects van
and antenna mounted components. Solid

state components are used extensively
throughout the equipment with correspond-
ing reduction of size and total heat to be

dissipated.
The communication terminal includes an

antenna system, a tracking system, an an-
tenna servo system, a communication re-
ceiver, a transmitter, a terminal equipment
system and instrumentation.
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FIGURE 2-4.--Ad ministration building.

The Antenna System

The main reflector is a 30-foot parabolic
dish of solid panel construction supported
and oriented by an elevation over azimuth
tracking mount. Azimuth coverage is re-

stricted mechanically from J-300 ° to --300 °
and elevation from --2 ° to -I-92 °. A photo-
graph of the antenna is shown in Figure 2-6.

The 30 foot aperture is illuminated by the
microwave feeds employing a 6 ft. hyper-
boloid sub-reflector in a cassegrain arrange-
ment which places the apparent focus of the

antenna system at the vertex of the para-
bolic reflector,

The feed horn cluster includes 1700 Mc

dual teflon polyrod transmitting horns and

4000 Mc four-horn simultaneous lobe com-

parison tracking feed. The four horns are
also used for satellite signal reception. Cir-
cular polarization is obtained from screws

positioned at 45 ° with respect to the plane
surface of the wave guide. A pair of crossed
dipoles mounted behind the sub-reflector is
used for receiving 136 Mc VHF beacon from
the satellite.

The antenna system is designed to be trans-
ported and operated in a flat bed trailer.
The tracking mount is secured to a retract-

able tower which collapses on the trailer bed.
The main reflector is assembled from 24 in-

dividual solid aluminum panels and major
truss sections which are carried for trans-

portation in a second flat-bed trailer. Sur-
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FIGURE2-5.--Equipment van.

vival is designed for a maximum wind up to
35 mph with a gust factor of 1.5. The focal

FIGURE2-6.--Antenna.

lines for the transmitter and hydraulic lines
to the servo drive are also located inside of
the tower.

The Tracking System

Tracking is performed by a monopulse of

split-beam amplitude sensing system, which
se_nses instantaneous azimuth and elevation

length over diameter ratio is 0.417 giving a position of the Satellite With respect to the

focal length of 12.5 feet. The main reflector
is manufactured to an accuracy of +0.080"

peak from true parabolic contour and will
permit operation between 100 and 8500 Mc.
The dish is attached to a cylindrical hub,
which in turn is bolted to a trunnion box

providing internal clearance for a 60" X 40"
X 51" electronic package which slides out
on telescoping tracks whenever servicing is

required.
The tracking mount incorporates the trun-

nion box and is supported by a four-foot
diameter tubular tower the inside of which

is used for wrapping all power signal, co-
axial, and high-voltage cables. Water coolant

antenna boresight axis. A 4079.73 Mc beacon
signal is received by the four-horn arrange-
ment. Signals between left and right or up
and down horns are compared in phase
through several magic tees producing eleva-

tion, azimuth and sum channels. The sum
channel receives the added signal coming

from the four horns and is, within limits,

independent of the relative angular position
of the satellite with respect to the boresight
axis. This channel also provides range and

Doppler shift correctio_n signals, which are
fed to the difference channels so as to keep

them sensitive to angular tracking errors
only.
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A diplexer consisting of two preselectors
is used in the sum channel output to sep-
arate the 4079.73 Mc tracking signal from
the 4170 Mc communication signal. After
filtering, the difference and sum signals go

to ortho-mode type mixers which send, via
pre-amplifiers, an IF of 70 Mc to the equip-
ment van. The noise figure of the front end
of the tracking receiver is in the order of

8 db. Tracking receiver IF is designated to
accommodate from --87 to --57 dbm varia-

tions maintaining an effective AGC correc-
tion of 1 db for the difference channels out-
put.

The tracking receiver rack, van mounted,
obtains the 70 Mc signal from the front end
and processes it to give 0.1 vdc correction
per 0.1 degree angular error to be applied on
the corresponding servo channel.

Frequency variations caused by Doppler
effect and mixer oscillator instability are
overcome by changing the local oscillator
mixer frequency according to the frequency
error. This is accomplished by using a
phase-lock loop. A phase detector gives a
dc error proportional to signal frequency
variations which is applied, through a dc
amplifier, to a local variable controlled oscil-

lator on the mixer stage. Mixer steps down

70 Mc to 9.8 Mc signal which closes the loop
through an 80 db gain IF strip, with the
Phase Detector.

A similar arrangement exists to provide
AGC correction. The output of the 9.8 Mc
IF amplifier is applied to AGC Phase De-
tector, giving adc error proportional to
signal amplitude variation, which modifies,

through adc amplifier, the IF strip amplifier
gain.

Azimuth and elevation output errors are
obtained from phase detectors on the differ-

ence channels. A common 9.8 Mc crystal
controlled oscillator _s used as reference for
all phase detectors.

A frequency search and acquistion circuit

allows _+ 120 kc Doppler shift during acquisi-
tion time. A saw-tooth signal fed to the local
variable controlled oscillator will be inter-

rupted by a trigger coming from the AGC

phase detector as soon as its output is greater
than a pre-set value. At the same time, the
output of the difference channels is connected
to the antenna servo system, starting the
automatic tracking mode.

Antenna Serve and Control System

The two basic configurations of Antenna
Servo and Control System are the automatic

tracking mode and manual positioning mode
as shown in Figure 2-7. Azimuth and ele-

vation servos are similar in design.
Power to steer the antenna is provided

by a 40 HP, 1750 RPM, 3 phase, 208v, 50/60
cycles, induction motor directly driving a
3000 psi pressure compensated, variable flow

pump with a maximum displacement of 4.5
in. s per revolution.

The elevation drive employs a 10 HP fixed
stroke, axial piston, hydraulic motor, through
a 3600:1 gear box ; the azimuth drive utilizes
a similar 20 HP hydraulic motor associated

Tt

ca)

i ....

FmuRs 2-7.--Antenna basic configuration.
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with a 1800:1 gearbox; both ivith flow inde- is used to increase the damping ratio of the
pendently controlled by electrohydraulic motor-valve combination.
transducers or servo valves. - All antenna functions are monitored and

Hydraulic pump and drive-nao_or, _/s_eil--_co_i_orled-fr0m the radio equipment van.

as the jog control, hydrauIic antenna erec- Additional features include azimuth scan and

tion control , and protectiv_metering
components are in a steei :enclosure fastened
to the antenna tower base. These constitute

the antenna local control.

On automatic trackingmode, signalerror,
from th e tracking receiver is fed to a servo:
amplifier tray, van mounted, which controls
the output of the hydraulic motors through
the servo valve. = =

rate memory facilities, provision for remote

and programmed track modes, joysticks slew
control, electrical limit stops, azimuth van
controlled stow lock mechanism, error and
rate meters, as_weIl as warning indicators

of malfunctions on the hydraulic system.
The control console is shown in Figure 2-8.

Typical servo operating limits and per-
formances are included in Table 2-3.

Associated with the antenna movements, .... :=
a data gear box drives the rotors Of a tw_ Transmitting System

speed synchro transmitter system Whlch-are Transmitting System consists of van

connected to corresponding synchro trans- mounted 71.5 Mc FM Modulator, a 17 KV
formers on the equipmen[_an_: An errdr ..... _beam pow_r+sulsply, control and protective
corresponding to the anterin__]s f_ff- circuitt;y, _n_l_n_hna _Sfinted 1726.67 Mc
out of the synchro transformei,-To_or: t_: a _ =_exciter Uni_g a 10 KW, klystron power
servo amplifier associated wlt_ atwo-phase amplifier, water Cooled by a separate, trailer

motor which in turn positions the-Synchr0 msfin-te_d_h-e-aTe-xchanger.
transformer rotor, therefore Closing-ti_e data - Raseba_d-slgna_--o_[ of the multiplex ter-
servo loop. A mechanical :counter-connected-: rrfinals__app_[Offt6 a 70 cps to 10 Mc
to the synchro transformer shaft provides
read-out indication.

In the manual positioning mode, which

employs the same basic components as the
auto-track mode, error is originated from
the rotor of the synchro control transformer
by rotating its shaft with a hand-wheel.
Antenna position read out is directly ob-
tatined from the mechanical counter con-
nected to the transformer rotor. The ac

error is demodulated by a vibrating type de-
vice and fed to the servo amplifier. The
loop then closes as in the automatic tracking
mode.

The system is a type two, zero error, con-
stant velocity servo, with a velocity and an
acceleration loop, fed back into the servo
amplifier. The signal for the velocity loop
originates in adc tachometer geared to the
antenna. It increases the damping of the
main servo loop and is also used for remote
rate indication in the van. Acceleration loop

signal is obtained from two pressure trans-
ducers on the hydraulic motor feed lines, and

bandwidth, 3 stage video amplifier, with an
adjustable gain from 16 to 32 db, followed
by an optional pre-emphasis network which

gives, for 12 channels, --3 db at 10 kc and
+3 db at 60 kc tending to flatten the radio
noise level over tbe frequency band of the

FM transmitted signal.
Sensitivity of the modulator is 0.266

VRMS per Mc with an input impedance of
230 ohms and a minimum output level of

q-10 dbm. Modulation is obtained by apply-
ing the signal to a diode on the oscillator
tank circuit. Different signal levels will

change the oscillator frequency accordingly.
The 71.5 Mc modulated signal, amplified and
limited to minimize amplitude modulation,
is fed to the exciter unit. A stable output is

ensured by comparing the signal with a crys-
tal controlled oscillator feeding back a refer-

ence potential to the modulator.
The exciter comprises an oven mounted

crystal oscillator unit, a varactor multiplier
chain and a strip-line type mixer. Frequency
is generated at 49.949074 Mc and is multi-
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FIGURE 2_8.--Control console,

TABLE 2-3.--System Performance

Modulator

Exciter

• Power amplifier

Transmission system

Output frequency (Me) .......

Sensitivity (volts RMS per Me)

Output level (minimum dbm)_

Impedance input (ohms) ......

Impedance output (ohms) .....

Max deviation (Me) ..........

Exciter frequency (Me) .......

Local oscillator (Mc) ..........

Crystal frequency (Me) .......

Multiplying factors ...........

Local oscillator output (dbm)_ _

Exciter output (dbm) .........

Frequency (Me) ..............

Frequency range (kme) .......

Tuning range (Me) ...........

Power output (kw) ...........

Beam voltage (kv) ............

Beam current (amp de) .......

Body current (with drive ma dc

Heater voltage (v) ...........

}{eater current (amp) .........

Number of cavities ..........

Tuning .....................

71.5

0.266

+10
230

75

+ 8

1726.67

1798.1667

49.949074

2X6X3

+25

+20

1726.67

1.7 to 2.4

7OO

I0

16

2.5

6O

3.5

16.5

4

Synchronous

Transmission system (Continued

Heat exchanger Capability (kw) ..............

Coolant flow (gpm) ...........

Discharge pressure (psi) .......

38

9-10

135

Receiving system

Tracking

Communications

Beacon frequency (Me) .......

Lock-in threshold signal level

(dbm) .....................

Front end gain (db) ...........

Front end noise figure (db) ....

Local oscillator frequency (Me)

Mixer Type ..................

First IF frequency (Mc) .......

Second IF frequency (Me) .....

Voltage controlled oscillator

frequency (Mc) ............

Reference oscillator frequency

(Me) ......................

Output error slope (v per deg)

Modulation type .............

Corn channel frequency (Me)_.

Men channel frequency (Me)._

4079.73

-- 125

4O
8.5

4009.73

Orthomode

70.0

9.8

60.2+0.12

9.8

0.I per OA

FM

4_4.72

4074.72
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TABLE 2-3._S ystem Performance (continued)

Receiving Station (Continued)

Communicatlons

(Continued}

VHF

Threshold carrier signal level
(dbm) .....................

Lock-in threshold signal level

(dbm) .....................

Front end gain (db) ..........

System noise temperature

(°Kelvin) ..................

Local oscillator frequency (Mc)

IF frequency (Me) ...........

Bandwidth (Me) .............

Voltage controlled oscillator

(Me) ......................

Demodulator sensitivity

(VRMS per Me) ...........

Baseband bandwidth (kc) .....

Beacon frequencies (Me) ......

Threshold signal level (dbm)__.

First local oscillator

frequencies (Me) ...........

First IF frequency (Me) .......

Second IF frequency (Me) .....

Reference oscillator (Me) ......

Voltage controlled oscillator

sensitivity (kc per V) .......

Doppler shift correction (kc)__.

--104

--113

45

420

4014.72

70

1.3

7O

0.055

60

136,14 or 136.62

--140

157.64 or 158.12

215

4.5

4.5

12

+ 3O

HF Modulation type ............. AM, CW
Operating ranges (Me) ........ 0.5 to 30.5

Terminal equipment

Multiplex Multiplexing type ............

Modulation type .............

Number of channels ..........

Output frequency (kc) ........

Frequency response fiat within

1 db (cps) .................

Signaling pilot frequency (cps)_

Send level, 4-wire, 600 ohms

balanced (dbm) .........

Receive level, 4-wire, 600 ohms

balanced (dbm) ............

Frequency

division

singlc-sideband

Suppressed carrier

12
12 to 60

300 to 3400

3,825

-- 16 (minimum)

+7 (maximum)

Teletype Signaling frequency (words per

minute) ................. 66

Selector magnets (ma) ....... 20 to 60

Tone kcycr Center output frequency (cps) 1105

Frequency shift (cps) ..... + 50

Inl)ut current (ms) ........... 60

Demodulator Center input frequency (cps) 1105

Output current (ma) ......... 30 to I00

Antenna system

Electrical
Type ....................

Frequency range (Me) ........ l

Minimum gain at 4100 Me (db) _1

M'inimuna gain at 1725 Me (db). t

Beam_idth, 3 db, at 4100 Mc [

(dogl............... _..... l

Parabolic with

Cassegrain
100 to 8500

+ 48,3

+ 40.3

0.6

Electrical

(Continued)

Mechanical

Servo

Antenna system (Continued)

Beamwidth, 3 db, at 1725 Me

(deg) .....................

First side lobe maximum (db)__

Collimation accuracy (deg) ....

Paraboloid diameter (ft) .......

Hyperboloid diameter (ft) .....

Focal length per diameter .....

Parabolic surface tolerance (m)

Hyperbolic surface tolerance

(in) .......................

Height of center of radiation

(It) .......................

Max wind survival (MPH) ....

Wind gust factor .............

Elevation travel (deg) .........

Azimuth travel (deg) .........

Static pointing accuracy (deg) _

Azimuth :

Max tracking velocity

(deg/see) ................

Max angular acceleration

(deg/sec _) ..............

Elevation:

Max tracking velocity

(deg/sec) ................

Max Angular acceleration

(deg/see _) ..............

Dynamic pointing accuracy

(deg) ...................

1.4

--15

+0A

30

6

0,42

+0.O8

+ 0.03

23

35

1,5

--2 to +92

-300 to +300

+ .04

10

6

5

3

+.1

plied successively by 2, 6, and 3 times, main-

taining one part in 10" stability. A quarter
wavelength coaxial line input in the final

multiplier is coupled through a varactor to
an open tuned coaxial cavity peaked to the
third harmonic of the input frequency. In-
puts to the mixer are 1798.16667 Mc, 300
mw, CW signal from the final multiplier and
a 71.5 Mc signal from the modulator. Output
is a 100 mw 1726.67 Mc FM signal applied
to the klystron power amplifier. The mixer
interrupts the carrier at the same rate as
the modulating signal, causing a double side-

band, --20 db suppressed carrier output.
The mixing element is a varactor diode

which goes from near open to near closed as
the 71.5 Mc signal is applied to it, meanwhile

a 1798 Mc signal fed through a double-stub,
micro-strip coaxial line tuner changes the
effective impedance of the diode. Mixing
occurs after suppressing the higher sideband.
The 1726.67 Mc signal is applied to a four
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cavity synchronoustuned klystron which
deliversa rated 10kw outputpower.

Theunregulatedbeampowersupplycom-
prises a 3-phase17 kc, a-Y power trans-
former, a conventionaldiodevacuumtube
full wave rectifier, delivering2.0 amp, fol-
lowedby a choke input filter. The high
tension negative side is applied to the kly-
stron cathode, via an x-ray cable running

from van to the antenna. The positive side
of supply is lifted from ground by thyrite
as a safety measure in case of an eventual
ground.

Sequential application of power, protection
of components and monitoring of the high
voltage are controlled by solid state logic,

actuating through an AND beam gate card
on the high voltage circuit breaker. Logic
functions are: beam application time delay,
blower off delay, ac interlock for personnel
protection, wave guide arc detector, low RF
and mismatch, beam and body overloads,
coolant flow, coolant temperature and air
flow.

Regulated filament and 28v focusing mag-
net power supplies are also van mounted.
Beam voltage and current, body current,
magnet current, filament voltages and cur-
rent, RF forward and reflected output and
exciter output indications are provided.

Beam voltage, klystron cavity tuning, RF
input can be remotely performed from the
equipment van. The waveguide between
power amplifier and antenna is pressurized
and dehumidified.

A 135 psi, 10 gpm, water to air heat ex-
changer, connected by flexible hoses to the

klystron, remotely controlled from the van,
affords up to 38 kw heat dissipation.

Terminal and Testing Equipment

A 12 voice channel multiplex equipment,
teletype facilities, order-wire unit, recording

unit and patch panels, provide the ultimate
input and output of the communication ter-
minal.

The 0 to 60 kc audio baseband is divided

in a zero to 4 kc order-wire channel, an 8

kc guard band and 12 four kc voice channels.

Twelve external land lines can be connected
to the van.

An all transistor multiplex system com-
prising two redundant power supplies,
twelve normal and twelve standby receiver-
amplifiers, normal and standby 128 kc master
oscillator with switching unit, filters, twelve
channel modulator and alarm circuits affords

two-way communications.

A --16 dbm minimum, 4 wire, 600 ohm,
balanced transmit level and +7 dbm maxi-
mum, 4 wire, 600 ohm balanced receive voice
frequency level are specified.

Teletype facilities include a teletypewriter
unit, page printer, typing perforator and
typing reperforator unit providing signaling
frequency of 66 words per minute or 50
bauds.

A tone keyer and demodulator translates
5 unit code, 60 milliamp neutral signals to
1105 ± 50 cps frequency shifted tones, pro-

viding the connection between teletype and
multiplex facilities.

Two telephone handsets, panel mounted,
provide a 0 to 4 kc order wire and any 12
to 60 kc baseband channel voice communica-
tion.

A 3 speed, .3 to 3 kc, dual mixed inputs,
magnetic tape recorder affords recording or
pre-recording of voice, teletype, facsimile or
data information. An audio amplifier and
loud speaker can be used for demonstration

purposes.
A patch panel permits the interconnection

of modulation, receivers, land-lines, voice
and teletype terminal equipment, audio am-
plifier and recording equipment. A back-to-
back configuration, that is sending the
received baseband back to the distant station

can be performed with this arrangement.
Tests and recording equipment are rack

mounted for maintenance, adjustment and

station operating parameter determination.
Coaxial fittings at each rack and antenna
package provide connection of test equip-
ment to the major units of the system.

A local time standard is included, con-

sisting of a counter with logic designed to

recycle as a clock drives a time digital dis-
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play on the control console with I part in 107
stability. Synchronization is o_)tained by re-
ceived local radio signals, checked against
the Astronomical Observatory cesium-at0mic
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and a fe-rrite circulator. Maximum--n0ise

figure=o_f 2.7 and minimum gain_ 15 db
over 15 Mc bandwidth referred to the 1 db

points are-achieved. Pump power varactor
clock, biascan be remotely controlled from van

A noise tube, permanently installed in_e for_ols_ figure improvement.
waveguide front end, is used in conjunction _e4-_170_MCl signal is further mixed-down
with a measuring test set in--t]_e van, giving in a mixer-preamplifier unit wit_'h--a 10ca]
the noise figure of the receivers directly.- carr_ero-f-_i]04.72 Mc pro-ducing a 65 ]Sic IF

A multi-channel paper recorder gives a slgn-a-l-se-ntto equipment can. The 4104 Mc
permanent record of AGC voltages, antenna lo_sc_llator: is similar--in-design-to the

position and servo error voltages. Evenf transmitter exciter unit except for gl_e final
markers give one second and one m_te .... m_ier, which is a septupler rather than
pulses, transmitter ON, VHF receiver ]oc_ed, aquac[-rupler. The mixer is of varactoi _ diode

and antenna acquisition indications. Record: type which also incorporates a vacuum tube.
ing is made by a hot type stylus on pIastic__ cascode preamplifier. The unit presents a
coated paper in rectanguIar coordinates, 7-db noise figure with 25 db gain and 20 Mc

driven at selected speed, ranging from .2_ bandwidth referred to 1 db points.

mm/s to 100 mm/s. A converter diplexer, in the van, separates
General purpose measuring and mainte- 65 Mc. centered IF signal into components

nance equipment includes a 0 to 510 Mc fre- respectively, 60 Mc monitor channel and 70
quency counter with plug-in units, and three Mc communication channel. The 60 Mc

separate signal generators with, respectively, monitor signal is further converted to 70
10 to 420 Mc, 3.8 to 7.6 Mc, and 10 cps to Mc. Receivers from this point are similar

10 Mc coverage. A sweep generator and_an f0r _g_0thchannels. " .....
oscilloscope are included for-general testlng The receivers comprise a 60 db, variable
purposes. The oscilloscope has a sweep range
of 0.2 msec/cm to 12.5 sec/cm, a bandwidth
of 2 cps to 300 l_c.

Receiving System

The receiving system comprises two micro-
wave fixed frequency receivers, a fixed fre-

quency VHF receiver, and a general purpose
HF receiver. One microwave receiver moni-

tors the local transmission via the satellite,

the other processes the transmission from
a distant communication terminal.

gain vacuumtube, 70 Mc IF amplifier; 2 Mc
b andpass filter; a conventional limiter; a
phase lock loop; a conventional F]_I ]_m-f_r _
demodulator; a 60 db gain base amplifier

accommq_atjng from 0 to 60 kc.
Automatic gain control in the-iF Strip

accounts for signal strength variations due
to varying satellite distances.

Phase lock loop consists of phase detector,
narrow band loop filter, and voltage con-
trolIed-osciliator. Up to 4 db signal to noise
improvement is obtained due to FM threshold.

The 4164.72 Mc monitor and the 4174.72 extension. Phase detector compares the IF
Mc communication frequencies signals are 70 Mc FM signal and a 70 Mc signal from
separated from 4080 Mc tracking sum chan-

nel, using a 20 Mc band pass diplexer, cen-
tered at 4,120 Mc. The receiver's 4,170 Mc

signal goes to a non-degenerated parametric
amplifier, maintained at package tempera-
ture of 20°C by an antenna mounted 6,000
Btu per hour air conditioner. The parametric
amplifier uses a varactor as reactive element,

a 16,256 Mc klystron reflex as a pump source,

a voltage controlled oscillator. Output of
the phase detector is filtered and the loop
closes through a voltage controlled oscillator.

Output of the osc_a_or already presents
threshold imi_rovement effect and by process-

ing it-ln a conventional limiter phase demod-
ulator and a 60 db gain baseband amplifier
the final audio baseband signal is ob[ained.

Carrier frequency variation due to Dop-

/
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pler effect and frequency instability correc-
tion is obtained by sampling the 70 Mc FM
signal out of the voltage controlled oscillator.
The sample is transformed into adc voltage
correction by a limiter-discriminator Arc
unit, which is fed back to the voltage con-

trolled oscillator of the converter diplexer
unit. Similar feedback is taken from the

communication receiver to the mixer pre-
amplifier unit front end. Provisions are made
for manual frequency search, AGC measure-
ment, and lock status indication.

The VHF receiver is a fixed tuning, dual
frequency operation, van mounted unit for
136.14 and 136.62 Mc satellite beacon recep-
tion.

Double conversion occurs at 21.5 Mc and

4.5 Mc. A 3 kc bandwidth filter, and an IF
conventional amplifier bring the signal to a
correlation detector giving the audio output.

A frequency following loop allows for
Doppler and instability frequency variations,

by comparing in a phase detector unit the
4.5 Mc IF signal and a local 4.5 Mc reference

source. Phase detector output controls a
variable oscillator on the 21.5 Mc first mixer,

closing the feedback loop.
Provisions are made for automatic fre-

quency search, lock status indicator and Dop-
ler signal output.

A conventional HF communication receiv-

er covering from .5 to 30 Mc, is used for
time signals and general reception purposes.

OPERATIONAL PROCEDURES

COMRI0 Satellite Station has as a major
objective, to contribute to the development
of satellite communication by accomplishing
multi-channel, two-way telephone transoce-
anic tests and demonstrations, the gathering

of operational experience, and investigation
of station functional environmental and op-
erational performance.

Scheduling and tracking data for experi-
ments with the Relay satellite are received
in advance from the NASA satellite opera-
tions center. Tracking data include for

every minute interval, AZ, EL, pointing co-
ordinates, range in kin, for all the visible

period. Data are employed for initial an-
tenna pointing before satellite acquisition,
back-up in case of automatic tracking failure,

checking of antenna pointing accuracy, and
predicted signal strength calculations.

Subsystems and systems are checked prior,
during and after each pass, so as to furnish
correlation parameters for experiment anal-
ysis. The system block diagram is shown in
Figure 2-9.

Basic checks for the system perform-
ance can be made using the following
configurations: built-in station loop, satel-
life-simulator loop, satellite-short loop, sta-
tion-to-station experiments, and back-to-back
station loop.

Built-in station loop takes a 1726.667 Mc
sampling from klystron output, feeding it
back to the receiver front and using a van
mounted test mode generator (TMG) unit.
Actual performance of the transmitting and
receiving system can be checked in this
manner.

The TMG furnishes a calibrated 4079.73
Mc beacon carrier with or without a 4164.740

or 4174.740 Mc signal simulating the moni-
tor and communication receiver spectrum.
Beacon signal is obtained by mixing a 100
Mc crystal generated signal with the third
harmonic of the 1326.57 Mc signal which
is generated by a 73.6987 Mc crystal oscil-
lator, multiplied successively by 2, 3 and 3
times in an amplifier varactor chain. Com-
munication receive signals are simulated

by mixing the 3rd harmonic of 1726.666 Mc
sampled signal from the transmitter with
either 1015.256 Mc or 1005.258 Mc. These

two signals come, respectively, from 112.-
8063 Mc and 111.695 Mc crystal oscillator
multiplied 9 times by a two stage varactor
amplifier unit. Beacon output ranges from
--25 to --65 dbm and signals output from
--25 to --45 dbm for 0 dbm sampled input.

Satellite simulator or transponder loop

evaluates transmitting-receiving systems,
and tracking performances of the antenna.

The simulator can furnish the same fre-

quency spectrum of the Test Mode Gener-
ator. Available beacon input power to the
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transponder antenna ranges from -}-20 dbm
to --80 dbm. As a repeater receiver, for
an input ranging from +20 to --40 dbm,
it gives back a +40 to --60 dbm, satellite
to ground monitor signal.

The transponder consists of a beacon
transmitter, a wide and narrow band re-
ceiver-repeater unit, an amplifier and power
supply unit, and an antenna unit.

A beacon signal obtained from a 113.3258
Mc crystal controlled oscillator further mul-
tiplied 4 and 9 times through a varactor-
amplifier chain and a signal from the
receiver repeater unit are input to the am-
plifier unit. The received signal is mixed
down to 70 Mc IF signal with 1655 Mc. The
carrier comes from a 113.3258 Mc crystal
oscillator multiplied 4 and 4 times in an
amplifier varactor unit. The 68.333 Mc sig-
nal is selected by a 1.5 Mc over 1 db points
bandpass filter network, trebled by a solid
state varactor module and again mixed up
to 4164.72 Mc. The signal for the high level
balanced mixer is obtained from a 109.99

Mc crystal oscillator, multiplied 4, 3 and 3
times in a varactor amplifier chain.

Amplifier unit has a range capability from
4.05 to 4.25 kMc with RF gain of 33 db for
an input power of 5.5 mw employing a
traveling wave tube working in the satura-
tion mode. High voltage power supply con-
sists of an ac to dc converter, step-up trans-
former, and rectifier circuit, using a regu-
lated 22.5 vdc input, giving ----1 kv output.

The transmitting antenna is left-hand,

circularly polarized, presenting 3.69 db gain
with VSWR of 1.6 to 1. The receiving an-
tenna .is right-hand, circularly polarized,
with 2.5 db gain.

The performance of the tracking system
is evaluated by offsetting the antenna bore-
sight +_ .1 ° from the simulator beacon trans-
mitter and measuring the corresponding azi-
muth and elevation dc voltage correction

error. Servo response is checked by manu-
ally offsetting the antenna ± 3 ° from the
simulator beacon transmitter and then re-

cording automatic acquisition performance.
Position readout accuracy can also be checked
against the satellite simulator AZ and EL
coordinates.

Built-in station and satellite simulator

loops conclude with front-end noise figure

measurements, clock synchronization, termi-
nal equipment set-up and adjustments, and
typical pre-pass operational procedures.

The satellite shot loop station to station
and back to back station loops are configu-
rations employing actual spacecraft.

Satellite acquisition is made by directing
the antenna at a pre-determined bearing and
time. Spacecraft arrival is first signaled by
136 Mc VHF receiver acquisition and fur-
ther by detection of the 4,080 Mc beacon
signal when automatic acquisition occurs.
Tracking will then proceed automatically.

Satellite-short loop, the station-to-station
experiments and the back-to-back station
loop, constitute three sequential stages for
performance evaluation, whereby the station
communicates via the satellite with itself,
with the distant station, and with itself
through the distant terminal.

Time of events, AGC signals from the
receiving system, antenna read-out, trans-
mitter parameters, results of terminal equip-

ment tests and from specific purposes tests
data are recorded during the pass. System
demonstrations include interconnection of

local telephone and satellite communication
system, teletype, and facsimile messages.
During each communication pass, voice is
used to coordinate experiments between par-
ticipating stations.

AUTHORS. This chapter was contributed
by J. C. FONSECA and C. H. MOREIRA, Cia.
Rddio InteT_q.acional de Brazil ITT, Rio de
Janeiro, Brazil.
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complex of equipment which enables it to
acquire in-depth experience in the field of
transmissions by active satellites.

This complex, however, was not intended
only for experimentation. Operational use
of the stati_on was envisioned, and- it is
capable of being adapted as required to
implement a commercial system of satellite
communication.

The creation of a ground station at Pleu-
meur-Bodou was decided upon within the
framework of the American Relay and Tel-
star projects. In the spring of 1961 the

Frenc_n government signed an agreement
withNASA under which France participated
in Project Relay by setting up a station with

the capability of servicing communications
links through the satellite.

In order to meet the very short schedule

set by the planned launch date of the satel-
lite, the Ministry of Posts and Telecommuni-
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The Plcumcur-Bodou Space Communications Station

The Pleumeur-Bodou ground station is the research unit of the National Center
for Telecommunications Studies (CNET) in the field of space communications. This

ins tgl!a_on makes possible the study of all the experimental problems eonnected_wi_
'traKsmlsaiQns by active sateIIites:-ilnk- performance, aequisitlon,-t_acklng, telemetry,

command, and operations. It is also capable of bdlhg a-drapted to commercial oper/itioh _

when the occasion arises for such operation.

INTaODtI_ION ...... cations deeid_ to-request the codPeration of

A ground station is the basic tool for the AT&T. This company had undertaken to
experimental study of space communication establish an original project for active satel-
systems. With the Pleumeur-Bodou ground lite communications, Project Telstar, which
station, CNET (Centre Nationai d'Etudes included the development of a specially de-

des Te!_ommunications) has available a signed ground station at Andover. In De-

f
F
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cember 1961 the AT&T signed a contract
with the Administration of Posts and Tele-

communications, undertaking to provide the
essential elements of a station identical to
the one at Andover as well as technical
assistance. CNET was given responsibility

for overall direction of the project, and CGE
(Compagnie Generale d'Electricite) partic-
ipated in the capacity of architect-engineer.
After a preparatory period, the first con-
struction work was started in October 1961
on the site selected at Pleumeur-Bodou. On

8 July 1962 all the elements were installed
and on 9 July the system tests demonstrated
that the station was in operating condition.

The satisfactory operation of the station was
confirmed by the historic communications
effected with Telstar I. The equipment was

subsequently completed in the autumn of
1962 to provide for operation with Relay I

(see Figure 3-1).

k
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ANTENNA POINTING SYSTEM

COMMUNiCATiONS ANTENNA

I
I

ANTENNA DRIVE

'rARE SWITCHING UNIT

ER,_kCKING [NCODER

T

TERMINAL EQUIPMENT

GROUND TELEPHONE

AND TV NETWORKS

FIGURE 3-1.--General block diagram of the Pleumeur-Bodou Ground Station.

OVERALL DESIGN OF THE STATION

Communications Antenna

The communications antenna is the basic

element of the station; its characteristics

were determined by the performance char-

acteristics of the Telstar and Relay satellites

and by the desired link performance.
The aim is to achieve transatlantic trans-

mission of high-quality television with sound,

or of the equivalent of 600 one-way telephone

channels, or of 12 channels of two-way te-

lephony.

The satellite is at a high altitude in order

to provide satisfactory mutual visibility be-
tween stations on both sides of the Atlantic,

while the weight of the satellite, being

limited by launch constraints, permits only
a few watts of transmitter output. The re-

ceived signal is extremely weak and the

receiving antenna must have a very large

gain and low noise. The horn antenna at
Pleumeur-Bodou has the largest dimensions

which can be achieved while still maintaining

_Sufficient p0intin_accuvac_: _ :

Receiving

The horn antenna, having very low gain

outside of the main lobe, receives a minimum

of noise originating on the ground; the ad-

vantage of this low characteristic noise is

utilized to the maximum by a maser cooled by

liquid helium. The signal-to-noise threshold
is further lowered by a frequency-compres-

sion demodulator.

Pointing

The antenna must locate and track the

satellite with high reliability, which is ob-

rained by a complex system of acquisition

and tracking in which the capability of the

antenna itself is complemented by a precision

tracker. The use of digital intermediate

equipment, plus automatic tracking, provides

for pointing the antenna with the required

accuracy.
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Radome

The antenna was designed to operate while

protected from atmospheric effects which

could degrade the precision of its construc-

tion or perturb the pointing. This is provided

by a radome, a flexible spherical envelope

kept erect by air under pressure.

Telemetry and Command

In order to take advantage of all the

experimental possibilities of the sy_e

station has equipment for::receivin_-ielem-

etry from the satellite and a ground com-

mand setup. A command tracker is able to
FIGURE 3-2.--Ho_rn antenna.

track the satellite automatically and facfli- concentric rails, and rotates in azimuth about

tale acquisition if required. _ the pivot, the only function of which is to

assUre:perfect centering. The equipment is
Equipment

mounted in two cabins which form part of
The Pleumeur-Bodou station was equipped, the rotating structure (see Figure 3-3). The

after construction, with the following prin- apex of the horn is in the upper cabin, with

cipal items of equipment: a rotary joint providing the link between the

1. Under the radome, a horn antenna with stationary portion and the rest of the horn,

the communications transmitter and receiver, which is movable in elevation. The reflecting

antenna drive, and the servogroup for the surfaces were adjusted with the highest
pointing motors, accuracy; the paraboloid differs from the

2. A precision tracker with antenna. theoretical paraboloid by -----1.5 mm at most.
3' A command tracker with antenna, .... The entire system is designed for great

m
m
E

of the con e, and a cylindrical screen with an

i opening of 344 m'-' (see Figure 3-2). Orien-
tation in elevation is accomplished by ruraL-

L_ ing the horn about its horizontal axis. The
entire structure rests on four trucks on two

4. In a central building, antenna steer]ng rigidity.

equipment including a computation center, The characteristics are as follows:
and terminal equipment providing connec-

tions with the telephone and television net-

works.
5. A boresight tower with satellitesimU- c_, (,th) 3-d_,_._m_.idth (d_,

lator for the horn antenna and a test tower Receiving4170Mc........... 57 023
for the trackers. Transmitting 1725 Mc ........ 50 0.5L

6. Auxiliary equipment for heating, air- ........
conditioning, and radome inflation.

The 1 db radius of the beam for receiving

OPERATIONAL EQUIPMENT is 0.06 degree. This value defines the max-
imum acceptable pointfng_error in azimuth

Horn Antenna
and elevation; pointing error should not

The antenna is a horn reflector made up cause a decrease in gain greater than 1 db.

o_a__ cgnic_al HF _orp:36.5 mlo_g, a parabolic
reffectdr whose focus Coincide_with the apex Antenna Pointing

The pointing accuracy defined above is

difficult to attain because of the large inertia

of the antenna (mass 340 metric tons). This

degree of accuracy is obtained by the use of

digital computation equipment and particu-

=_ :::
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FIGURE 3-3.--Lateral view of the horn antenna.

larly by the use of a pointing error detector

which provides vernier corrections or per-

mits automatic tracking.

The equipment for measuring antenna

position in azimuth and elevation is of high

accuracy (÷ 0.003 degree), corresponding to

the desired pointing accuracy.

Normal Poinflng Mode

In normal operation, the computing center

develops antenna pointing data from topo-

centric coordinates. The data points are at

4-second intervals. They are recorded on a

magnetic tape which is placed in a tape
reader. At the selected moment, given by the

station clock, a block of data is transferred

to the antenna command where it is checked,

stored in the memory, and interpolations are

made at the rate of 128 intermediate points

per second. The equipment adds to these

points any automatic or manual corrections

and compares the result with the actual posi-
tion of the antenna to derive error voltages

which drive the servo loops of the drive

motors.

The topocentric coordinates which enable

the ephemerides of the Relay satellites to be
established are provided by the NASA com-

putation center.

Vernier Autotrack (VAT)

The vernier autotrack (see Figure 3-4)

operates on the 4079.73 Mc signal radiated

by the satellite beacon and provides antenna

pointing errors referred to an electrical axis.
This provides automatic correction of me-
chanical deformations of the antenna. It

makes use of the propagation conditions in

a circular waveguide in which only the TE 11

and TM 01 modes are propagated.

The circular waveguide which extends the

apex of the horn has two sets of coupled
cavities arranged along two perpendicular

diameters. Each set is coupled to two rec-

tangular waveguides, making a hybrid junc-

tion. The cavities along the vertical diameter

provide for extraction of the vertical com-

ponent of TE 11 and TM 01. The cavities

along the horizontal diameter provide for
extraction of the horizontal component of
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FIGURE 3-4.--Block diagram of vernier autotrack.

TE 111 Three amplification channels provide
error voltages in azimuth and elevation.

The conversion of:c0ordinates is per-

formed by means of the coordinate converter
which is included in the servo system. The
error signals may drive the servo loops
directly (autotrack) or they may correct the
computed data after encoding (vernier).

The pointing angle accuracy obtained with
the VAT is better than 0.005 degree. The
pass band is 3 kc. The maximum angle for

acquisition is 0.2 degree in all directions.

Servo G,oup

The servo group controls the hydraulic
motors which position the antenna. Azimuth
positioning is accomplished by two Vickers

sets, each composed of a 25 hp electrical
motor driving a pump, plus two receivers.

Each receiver is conn-ected through two re-

duction gears to a pinion which meshes with

a rack mounted on a parapet sized to the
foundations. One receiver operates as a
brake and the other as a motor.

The elevation drive is also accomplished

by two similar groups, but these are of 10
hp each (Figure 3-5). These groups are
mounted on the azimuth structure; the bull-
gear is bolted around the elevation wheel.

The Vickers systems, driving through the
reduction gears, provide a remarkable flex-
ibility of response; the azimuth rate can
vary from 0 to 1.5 deg/sec and the elevation
rate from 0 to 1.4 deg/sec.

Each group includes several servo loops.
Excessive torques due to the wind are elimi-
nated by the radome. Antenna pointing is
accomplished with the desired stability, since
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FIGURE3-5.--Elevation drive.

the characteristic resonance of the antenna

structure is relatively high (1.8 cps in

azimuth).

The Relay Transmitter

The transmitter(Figure 3-6) has an out-

put power of 10 kw at 1725 Mc. The signal,

amplified at baseband, frequency modulates

the reflex klystron 1 which oscillates at the

frequency of 6174.13 Mc. Klystron 2 oscil-

lates at 6i00 Mc, so that beating the two

signals in the mixer gives an intermediate

frequency of 74 Mc. An automatic frequency

control system using a quartz reference main-

tains the intermediate frequency at the
nominal value.

The IF signal produced is amplified and

transposed by mixer 2 to the transmitting

frequency of 1725 Mc. The resulting signal

goes through the exciter amplifier consist-

ing of a traveling wave tube of 30 db gain,

and then through the power amplifier, a

5-cavity klystron.

The transmitted signal at 1725 Mc is

coupled into the antenna at the conical sec-

tion immediately following the point of the

apex. Two signals of equal amplitude and

90 degree phase difference are coupled at

right angles and produce a signal of right-

hand circular polarization in space (Figure

3-7).

BASEBAND

61 74.13 Mc

IF

AMPLIFIER

.-7 J'_ 74.13

6100 Mc

_MATIC

FREQUENCY _
J CONTROL 3 Mc

REFERENCE
OSC LLATOR ]

EXCITER-
AMPLIFIER

1650.87 Mc

MULTIPLIER

LOCAL

OSC ILLATOR

POWER
AMPLIFIER

FIGURE 3-6.--Block diagram of Relay transmitting system.

ANTENNA

1725 Mc

J POLJ _IZER J

DUMMY LOAD
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pump frequency:is_-$0,ig0-Mc and is stabi-

FmURE 3-7.--Viewof the apex of the horn s_howing
- VAT and 1725 Mc transmitter _ohpling.

The maser-- locate-d-:_¢l_in_--t_e _apex of

the cone (see F_re-3--8) is connected-to
the antenna by the diplexer. The loss in the

waveguides is kept to a minimum (0.2 db).
The single tuned ruby maser is placed in

liquid helium, it has a nominal frequency of

4170 Mc, gain of 42 db, 3-db bandwidth of

16 Mc, and noise temperature of 4°K. The

lized automatically.

The amplitude is perfectly linear. The

bandwidth is extended to 25 Mc by inser-

tion of an IF equalizer installed just follow-

ing the frequency converter. The signal
converted to the intermediate frequency of

74 Mc is amplified up to a level of +1 dbm,

maintained constant by automatic gain con-

trol. Since the frequency deviation of the

received signal is very large, the threshold
of the receiver is reduced to a minimum

value by the process of frequency compres-
sion. The demodulator operates at an input

frequency of 6123 Mc. The initial modula-
tion index is reduced by this feedback device

to a low value, and the noise spectrum in

the loop is reduced to its minimum value.

The threshold of the receiver is improved

by 4 to 5 db.

Raclome

The radome plaYs-an important part i,
the achievement of_e horn antenna per-
formance. It protects the antenna against

dust and atmospheric phenomena such as

heat of the sun, wind, snow, rain, and ice.

If the antenna were in the open air it would

be subj_ec_, because of temperature varia-

tions, to deformations which would, in the
case-of th_ reflecting surfaces, reduce the

DIPLEXER

AHTENHA

4170

OSEI[

!2 6123 h_: DISC R_MINATOR

6049 M_ AMPLIFIER

_t

BA3EgAN_D _

AMPLIFI

.... FIGURE 3-8,--Block diagram of receiving system.

• , =:

: : 2:
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gain and degrade the radiation pattern. The
pointing accuracy would be reduced. The

wind would be very harmful to tracking per-
formance; a moderate wind would cause

instabilities and strong wind would prevent
pointing the antenna with the desired ac-

curacy. Rain and snow would result in accu-
mulations of water difficult to drain off. For

these reasons, the radome made it possible
to lighten the antenna structure and the
drive system.

The envelope is a section of a sphere 64
m in diameter. The material is two layers
of dacron with the fibers crossed at 90 de-

grees and coated with a synthetic rubber
hypalon. The thickness is 1.8 mm -*- 0.05

ram. This material produces the minimum of
radioelectric losses and has minimum per-
meability to moisture.

The installation of the radome is a delicate

operation (see Figures 3-9 and 3-10).

Precision Tracker

The precision tracker is a radio theodolite
basically intended for measuring the azimuth
and elevation of the satelite as functions of

time during a pass (see Figure 3-11). It
uses the signal from the 4079.73 Mc satellite
beacon. In fact, it serves several functions
in relation to the communications antenna;

for one thing it assures acquisition in cases
where the computed pointing data may be
uncertain, by virtue of its 2 degree beam-

FICHE 3-9.--Erection of the radome over the
construction shelter.

FIGURE 3-10.--Initial inflation of the radome
over the construction shelter.

¢,U+EC_A,n AnVe_

'° I

_elNI[R
_o
T_K
elfQI

:FIGURE 3-11.--Simplified block diagram

of precision tracker.
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width. It makes acquisition more rapid by
the use_0f-an_u[siti0n receiver which de- _

term_neS the-frequency received from the
S ave° e orn

tenna to. the preclslon_c_k_r t_rou_ _iglta]
t racI/inge_q_ip-m_ _asTffy: ]i pro_/ides _time

 .45

parabohc aluminum su_/ice over which a
moiled., fiberglass _tr_r_c_cone Structure
is_placed, serving as support for: _he_ubre -

flector. The secondary reflector is hyper-
bolic, 9:[ cm:in diameter, and consists of a

grid of horizontal aluminum wires. The
antenna therefore accepts only the vertical
component of the received signal. In front
of the principal surface is placed a grid of
wires oriented 45 degrees from the vertical,
providing focusing at the apex after reflec-
tion. The signal is received in four horns

placed at the apex of the parabola and then
processed in four hybrids by addition and
subtraction to give three signals (sum, azi-
muth difference, and elevation difference).
The signals are amplified:dlrectiy by three
parametric amplifiers with high gain and
low noise.

An acquisition receiver determines from
the sum signal the exact frequency rece|ved ;
the pass band is _+_150 kc about the nominal
frequency. The receiver consists of 300
channels each Of i kc bandwidth. A set of

300 fiiters: _erfbrms a- spectrum analysis
of the :fre/tuency, _ ands:the activated filter
gives: a-sinai which'actlvates a digital de-
vice. The channel is identified and the other

channels are switched off. An:analog voltage
proportional to the_frequency deviation posi-

tions the quartz oscillator of the tracking

_eceiver and _ trigger s an automatic sweep
about the frequency. When _requency lock
is achieved the digital input is disconnected.
The phase-iock loop keeps the sum signal in
phase with a reference 5-Mc frequency. The
difference Signals are converted to 5 Mc
and kept in phase coherence; coherent detec-
tion is performed in the error angle demod-
ulators. The amplified error signals are used

COMMUNICATIONS STATION 583

to drive the servo loops of the steering
motors.

The mechanical accuracy of the system is
0.005 degree, and the maximum of pointing

errors due to instability is 0.015 degree.
The acquisition of frequency enables the

phase-coherent loops of the VAT to be pre-
adjusted.

The frequency standard includes a very
accurate 1-Mc crystal oscillator which sup-
plies the 100 kc and 5 Mc references as well
as a 1-sec timing signal to an accuracy of 1

part in 10 H. It is checked by the 18 kc signal
received from the NBA station of the Amer-
ican Navy.

ARRANGEMENT OF THE OPERATIONAL
EQUIPMENT

The equipment required for the opera-
tion of the station will be described in con-

nection with their respective locations.

Communications Antenna

The•antenna is located under the radome,

with the complete structure mounted on two
concentric rails, Theequipment is mounted

in two cabins; the upper cabin behind the
born, and the lower cabin in a position as
close as possible to the:axis of rotation in
azimuth. -

Upper Cabin

The throat of the horn is enclosed in the

upper cabin, with a rotary joint to provide
continuity between the apex and the rest of

the horn. The following equipment is lo-
cated in the upper cabin (see Figure 3-12).

1. Near the horn, the VAT equipment,
mode coupler, and 4080 Mc receiver.

2. The communications receiver with

maser, hyperfrequency pump, liquid nitro-
gen and liquid helium coolers, IF amplifier,
frequency-compression loop.

3. The Telstar communications trans-

mitter.

4. Measurement equipment, radiometry
equipment, antenna command group equip-
ment (encoder, resolver, VAT coordinate
converter).

._: ±:

: "{-
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I - VAT

2 - _I_SFe

3 - MAS_ _JMP
4 - REE[V_ER

S - TV R_CEI_I _AY

6 - TV TRANSMiSSiON 1LAY

? - TELSTAR ERAN_M_TTE_

B - VATCOORD;NATE CONVERTER
9 - ENCODE_-RRSO_V_

\ /

I /

__ N a, []
FIGURE 3-12.--Plan view of the upper room.

Lower Cabin

The lower cabin contains essentially the
antenna steering equipment (see Figure
3-13).

Slip Ring--Cable Links

The antenna pivot carries a set of slip
rings providing for transmission of signals
and energy between the movable antenna
and the cables which terminate in the radome

(Figure 3-14).
Between the radome and the main build-

ing there are the following cable links:

1. 1 cable carrying six coaxial pairs 1.2/4.4
and 69 0.9 quads

1 - 420 cps POWER SOURCE ANTENNA DRIVE

2 - ANTENNA DRIVE CONTROL

3 - POWER PANEL 15 - POWER SUPPLY

4-5 - RECTIFIERS 16 - MONITORS

6 _ TEST SIGNAL t7 - DIGITAl. GROUP

7 - VAT FREQUENCY 18"- TESTS

8 - VAT ERROR - X AXIS 19 - RECORDING

9 - VAT CONEROL 20 - SERVO-GROUP

t0 - VAT ERROR - YAX|S 21 - CARRIER AND ALARMS

il - VAT POWfR SUPPLY

12 - HIGH VOLTAGE POWER SUPPLY- HELIUM RETRIEVAL

TELSTAR TRANSMITTER
13 - SIGNAL DISTR_fiUTJON PAND. 22 - GASOMETER

14 - RELAY TRANSMITTER 23 - PURIFIER
24 - COMPRESSOII

25 - BOTTLES

FIGURE 3-13.--Plan view of the lower room.

FIGURE 3-14.--View of the slip ring.

2. 1 cable of 100 0.9 shielded pairs
3. 74 RG 11 A/U coaxial cables
In the radome annex is a rack containing

an equalizer (amplifier) and a switching
system for television signals.

Main Building-Trackers

The antennas for the precision tracker
and command tracker are located near the

central building. This building brings to-
gether the controls for the whole complex
and provides for connections with the na-
tional television and telephone networks.

Control and Tcacking Room

At the center(see Figure 3-15), the sta-
tion control console receives the data from

the various systems and directs the acquisi-

tion and tracking operations. (Figure 3-16).
Three video monitors (two for transmis-

sion, one for receiving) provide for monitor-
ing the television transmission link.

The precision tracker equipment includes:
the frequency acquisition receiver

--the tracking receiver
the frequency standard and station clock

--the 4080 Mc test signal generator
--the digital tracking equipment which is

also part of the steering system for the horn
antenna

The telemetry and command equipment
includes :

--the antenna tracking receiver and the
servo circuits
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FI6URE 3-16,--Station control console.

585

I

i

/

boresight tower on Losquet island.

Terminal Equipment Room

°-The television rac_-]5_o_ides_or dlstr_u-

tion of the signals--an-d-_lJerf(Jrmance of meas-
urements (Figu_-_Tand 3-18). It is
connected b_: two cbax[aI _;_bles to the micro-
wave links in Pletimeur-Bodou village for

SWITCHING

terminal equipment, tracking and co ntr0_l.

the telemetry receiver, with FR-1100
magnetic tape recorder ........

the command encoder and t_ansmitter
Lastly, the 43 A1, N-carrier _[t]pIex

telegraph equipment permits-the exci_ange
of information with the antenna by-a small

SLIP-RINGS "PRE-EMPHASIS

EQUALIZER PRE-EMPHASIS

TELSTAR MODULATOR

• O

" O

RELAY MODULATOR

• O

TELSTAR TRANSMITTER
DISCRIMINATOR

' O
I SWITCHING

._ _ CABIN

l--lml _ LOWER

I _ CABIN
"_ O

RELAY TRANSMITTER

DISCRIMINATOR

• O
O

RECEIVER

i TELEPHONE

O •

TV VIDEO

O

TV SOUND

•< O "
U

Z TRANSMISSION
O

MONITOR
.<
u__ O •
Z

TELEPHONE

O O .
U

l ,;v,o o
TV SOUND

0 ".

L

!

DIPLEXER

SWITCHING

DE-EMPHASIS

DIPLEXER

FIGURE 3-17.--Functional block diagram of terminal equipment.
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FIGURE 3-18.--View of the video rack.

transmission of pictures. The sound is car-

ried by telephone channels.

Two Ampex tape recorders permit record-

ing and retransmission of the television sig-

nals handled by the station.

The telephone terminal equipment pro-

vides the following links:
• 60 circuits between the Pleumeur-Bodou

station and the Andover station through the
satellite

• 24 circuits between Pleumeur-Bodou

and Brest

• 12 circuits beween Pleumeur-Bodou and

Paris via Brest (these use the Pleumeur-

Bodou villiage to Brest microwave link)

Between the main building and the ra-

dome, the 60 Andover circuits use two pairs

of the 6-pair coaxial cable; three other pairs

are used for television video, with the sound

sent through a quad.

Two self-carried coaxial cables provide
the llnl_etween the station and the Pleu-

meur-Bodou microwave terminal, permitting
establishment of 60 circuits.

The equipment rack includes: (Figure

3-19)

--a main generator

--primary group carrier generators

--secondary group carrier generators

FIGURE 3-19.--View of the telephony rack.

--generators and transmitters of the 60

and 308 kc pilot signals

All the items constituting the telephony

equipment are classic; their arrangement

only was realized in a special way, so as to
make easy the transmission tests and the

measurements. The telephony rack is com-
pleted with an AMPEX FR 100--8 tracks

--recorder.

Figure 3-20 shows how the station is con-

nected to the national telephone and tele-

vision networks. The frequency plan for the

microwave links between the village of Pleu-

meur-Bodou and the relay at Roc Tredudon
is as follows:

Telephony ......................

Television ......................
Receive I Transmit

2264 Mc 2136 Mc

3543.5 Mc 3752 Mc

Computation Center

The IBM 1620 computer with special

floating decimal point is supplemented by an

auxiliary IBM 1623 memory (Figure 3-21).

Input and output of large quantities of in-

formation is handled by an IBM 1622 card

reader-perforator. The computer can be



1 - IBM 046 UNIT

2 - IBM MAGNETIC TAPE LIN]TS

3 - TAPE SWITCHING UNIT

4 - TAPE SWITCHING CONSOLE

5 - COMPUTER

6 - IBM 026 UNIT

7 - TABLnJ_TOR - IBM 421 OR 407

B - POWER DISTRIBUTION PANEL

FIOUR_. 3-21. Plan view of the computation center.

connected to four Model 729 II magnetic tape

units. A system of switching provides great

flexibility in the use of the tapes.

Auxiliary Equipment--IBM 026 alpha-

betTc multiperforator, iBM 407 tabuIator,

IBM 046 tape perforator (Figure 3-22).

SITE-FOUNDATIONS-BUILDINGS

Site

The search for a site was begun in the

spring of 1961, and was limited to Brittany

FIGURE 3-22. View of the computation center.

because of its location in the extreme west

of France, providing the longest periods of

mutual visibility across the Atlantic. The

temperate climate of this region was also
an attractive feature.

The Pleumeur-Bodou site was finally

chosen for the following reasons (see Fig-

ures 3-23 and 3-24):

1. Proximity to the CNET laboratories

in the Lannion region (Research Center

Flight Tests Center).

2. Easy access to telephone and television

networks.

3. Quick acquisition in sparsely populated

- L. -
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SOUTHAMPTON

UrH

GOONHILLY

LIZARD _,_.L

_G_s _ c_ .
CHERBOURG

_._,

_. _'_ CAEN

THE CHANNEL ISLES _,. _

Y
_. GULF OF }

P.u_EuR-8o.oou&.-,r_ ST._LO [

• _" RENNES

Fmu_E 3-23.--Location of the g'_o_nd station

in Brittany.

5. Configuration of the terrain in the form

of a basin, with the rim providing improved
RF protection without raising the horizon
excessively (less than 5 degrees).

6. Convenient access roads and facilities

for power and water supply.
7. Nearness to a coastal resort area pro-

viding good living conditions for personnel.
The site is 259.5 acres in area.

The geographic coordinates of the center
of the antenna are:

Latitude 48 ° 47' 13" N

Longitude 03 ° 31' 20" W
Mean altitude is 40 m. Figure 3-25 gives

an overall view.

FIGURE 3-25.--Overall view of the station.

Layout of the Site

The present installations on the site leave
ample room for future expansion (see Fig-
ures 3-26 and 3-27). The tracker antennas,

the main building, and the heating plant are
placed in a central location with respect to
the radome and the sites of future antennas.

FIGURE 3-24.--The Pleumeur-Bodou region.

moors of a large area which was flat enough,
offered stable granite layer, and allowed for
future expansion.

4. Absence of RF parasites (distant from
microwave links, airports, ports, and sea

lanes), monitored by systematic measure-
ments.

Radome

Erected on an open site, the radome area
provides a very stable footing for the anten-

na (diameter of the circular tracks: 22 and
41 m). (See Figures 3-28 and 3-29). The

track beds are integral with the pivot
through radial arms of reinforced concrete.

The foundations of the pintle, the track
beds, and the wall are large sole plates an-
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FIGURe. 3-26.--General plan of the station.
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\
50 CYCLE

SUBSTATION _.

.Ecso.
aAOOME _ _ TRACKER .

\ /COMMAND

STORAGE TRACKER

TO _HE

_CwE R

SCALE IOO 200 300 METERS _/

i I

_o
_o

Fmuam 3-27.--Location of the buildingst

chored in 0.5 m of solid granite. Figure
3-30 shows the general appearance of the
concrete structures.

The radome envelope is kept erect by air

under a normal pressure of 3.8 cm of water;
it can withstand winds up to 160 km/hr with
the pressure raised to 14 cm of water.

A radome annex adjacent to the radome
(500 m 2) contains the air locks, for both

personnel and vehicles, and the following
equipment:

1. The five blowers for :radome inflation,

The main building is built at the foot of the
rise and is a one-story building on one level.
It has an area of 1500 m2 (111×14 m).
(See Figures 3-32 and 3-33.)

The two main parts of the building, the
Equipment Room and the Computation Cen-
ter, have special features. The floor is 30
cm from the ground and is made of (75 X
75 cm) m0vab]e sections of wood lath cov-
ered with plastic, supported by a metallic
structure mounted on adjusting screws. The

open space under the floor is used for cabling

with their=:emergency :generator. _........... afi-d _Sr alr,Conditioning. The windows iire

2: The eleCtricai: pbwer_switchboard_ ........ fixed. A central air-handI[ng system includ-
3. The bay for the Cables connecting the ing two refrigerating units recycles the air

radome to the main building.
4. Equipment for chilling and circulating

the cooling water (4°).
5. Heat exchangers supplying the 8 aero-

therms for radome heating.
6. Storage for liquid helium and liquid

nitrogen.

Main Building-Trackers

The two tracker antennas, located on a
granite rise which is especially unobstructed,
are mounted on concrete piles forming part
of two small buildings. (See Figure 3-31.)

through two supply and return systems;
one serves the computation center and the
other the equipment room.

Other areas of the main building are the
commercial power room, the power switch-
board, the batteries, the long-lines switch-
board, the communications areas with the
telephone switchboard and teletype sets, a
storeroom, conference room, and offices for
the engineers and the administrative services.

Near the central building is a very rigid
25-m tower (motion of the top less than
÷ 1.5 mm in winds of 120 km/hr) on the

top of which are mounted the antennas for
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I
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I
AZIMUTH CROWN

_! GEAR BASE PIVOT

1 __._--_1 Jl_ _ ILl I RAIL

_,,_._i!_ _i!._J_!!_;J!_i__{_t_. {_u__:_'--!÷:i:".._:-:_Z:..::
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I PLATES INNER RAIL

1
I

I
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LEVEL 4.26m

{_ 41.45 m

J_ OUTER RAIL

58.52 m

RADOME WALL

FIGURE 3-28.--Section of the radome foundations.
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PERSONNEL REFRI GERATJON AND

_-_ EQUIPMENT AND 51GNAI.S LOCK CHA._BER WATER PUMPS

_::_ : _ .=-- ._ WITH AIR-LOCK DOORS

J

=

AIR-LOCK DOORS

VEHICLE

LOCK-CHAMBER

BATTERIES

POWER

EXPANSION LYRE

HEAT EXCHANGERS

DOORS

AXIS or INNE_ RAIL

INNEI

AIR-LOCK

DOORS
//
tl

AXIS OF OUTCR RAIL

OUTER TRACK

RADIAL BEAMS

RADOME WALL

FIGURE 3-29.--Plan view of the radome and utility building.

testing the trackers as well as the anemo-
meter which controls the inflation pressure
of the radome.

Three poles support the antenna which re-
ceives the 18-kc signals for synchronizing
the clock.

Power Building-Substation

The substation receives the two power

supply lines from the national power net-
work (see Figures 3-34 and 3-35).

The power building is 35 X 12 m, 5 m
high. It contains essentially a 50-cycle sub-
station, two 50/60 cycle converters, and four
60-cycle motor-generators. A 5-ton overhead
crane is used in working on the motors.

Heating Plant
==

The heating=plant (see Figure 3-36)= is
in a building 22 X 10 m, 6mhigh. It con-
tains two boilers providing superheated
water under pressure (180°C and 10 kg/cm 2)



592 RELAY I--PART III

FIGURE 3-30. General appearance of the concrete
structure.

which is brought to the radome heat ex-
changers through a conduit 125 mm in diam-
eter.

The power, 3 X 10 _ calories/hr., is ample
to provide adequate heating in winter and
to prevent accumulation of snow or frost.

External Conduits and Cableways

External conduits with special compart-
ments connect the various buildings (see
Figure 3 37) ; they are used by:

1. The medium and low-tension electrical

power cables
2. The command, communication, and tele-

phone cables

3. The water and heating pipes

FIGURE 3-31. Command tracker-boresight

tower-main building.

FIGURE 3-32.--Main building.

Suspended cableways connect the two
tracker antennas, the test tower, and the
main building.

Boresight Tower on Losquet Island

The satellite simulator (beacon and trans-
ponder) is mounted on a tower 200 m high
situated on a small uninhabited island 6342

t
LONG N

DISTANCE

LINES

TELETYPE OFFICE POWER OFFICE TAPES LIBRARY

CONFERE .L_ _U_ J _Allt_It5 J ,r_WtK j OFFICE J COMPUTING TERMINAL

J J _u cps) J J CENTER EQUIPMENT

OFFIC E POWER TELEPHONE IBM

PANEL SWITCHBOARD MAINTENANCE

FIGURE 3-33.--Plan view of the main building.
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FIGURE 3-34.--View of the inside of the power
station.

OIL ' _%_.._
AND OFFICE

FUEL (SUPERV|SORY)
*, RADIATOR AREA / _ ,_

_[ I _1 _ •

_t /- \ - _
OFFICE STORAGE BATTERIES

1,2 15,000/380-220 V - 630 KVA TRANSFORMERS

3 50 cps PANEL

4,5 50/60 cps CONVERTERS

6 GEl - 60 cps - 75 KVA - EMERGENC'Y GENERATOR

7,8,9 GE2. - GE3 - GE4 - 6Ocp$ - 250 KVA GENERATORS

10 60 cps DISTRIBUTION PANEL

FIGURE 3-35. Plan view of the power building.

m from the center of the antenna (Figure

3-38). In this way it was possible to obtain

an angle of 1.4 degree elevation for the _: •
direction from the axis of the horn antenna ......... '-

to the simulator.

The isolation of the island made necessary

the installation of an independent power

supply. The equipment on the tower is con-
trolled and monitored by a radio link.

Service Communications

Teletype

Three semi-duplex units with tape per-

forators provide links with:

_the NASA network through London

#

Fmt_Z 3-36.--View of the heating plant.

FIGURE 3-37. External cableways.

FmURZ 3-38.Boresight tower on Losquet Island.

7_:: 7{77;
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--BTL at Andover
--the French Telex network

Telephone

The telephone switchboard is connected
to the French network and has direct lines

to CNET in Paris, to Goddard Space Flight
Center of NASA, and to the Andover earth
station. An automatic internal system serves
the entire complex.

ELECTRICALPOWER SYSTEM

The electrical power system (see Figure
3-39) is fairly complex because of the ex-
istence of two feed frequencies (50 and 60

cycles) and because of the requirements of
reliability and quality imposed by the elec-
tronic equipment.

50 Cycle Alternating Current

The 50 cycle power from the national net-
work is brought in on two medium-tension

15,000 volt lines, one normal and one standby,
terminating at the substation. Since the
main building is over 500 m from the power
building, it was decided to install trans-
formers at both locations. These units, of

630 and 1260 kva capacity respectively, pro-
vide the 220/380 v supply. They are supple-
mented by two voltmeter-balanced induc-
tion regulators which supply a voltage reg-
ulated to ± 2 percent for the electronic

equipment of French origin.

60 Cycle Alternating Current

Power Supply for Radome InflaPion

In the power building, two 50/60 cycle
converters provide the normal power on two

lines, one a spare. An emergency diesel
generator (GE 1, 75 kva) starts auto-
matically in case of failure of the normal
power. A second spare generator (GE 5)
of the same power is located in the radome
utility building.

60 Cycle General Supply, 272/470 V

Three diesel generators in the power build-

ing provide continuous power. These units

(GE 2, GE 3, and GE 4), are of 250 kva
capacity. In normal operation the power is

supplied by GE 2 or GE 3, which are started
manually, with GE 4 started automatically
as a spare. At critical periods GE 2 or GE 3

is coupled in parallel with GE 4.
The frequency tolerance of --+ 1 percent

is obtained by a speed regulator of the watt-
meter type. The generators have a voltage
regulator controlling the voltage to ---- 1

percent.
The power is distributed to the radome by

two separate special circuits (one for motors
and one for electronic equipment), and to
the main building where two transformers
reduce the voltage to 120/208.

60 Cycle Special Supply

Certain elements of the antenna require
a continuous power supply at 230 v, 60 cycles,
single phase, with the ratio of sub-harmonics
less than 0.5/1000. Two 60/60 cycle con-
verters operating at 1800 rpm, with a capa-
city of 8 kva, provide this supply. They are
started automatically. One unit is supplied

from the 60-cycle current provided by the
50/60 conversion and the other from the

60-cycle general supply. At critical times
both units are in operation, one under .load
and the other unloaded as a standby; the
load can be transferred automatically in less
than 0.25 second.

Antenna Power Supply

The power for the rotating structure is
carried through the 28 power slip rings of

the pivot. The neutral of the three-phase
ac current is omitted, which does not affect
the motors but requires a 45 kva trans-
former in the lower cabin for the single-

phase circuits.

420-400 Cycle Supply

In the antenna there are two 0.3 kva units

which supply a single-phase, 120 v, 420 cycle
± 0.25 percent current to the servo loops of
the antenna.

In a small building near the main build-

ing are two units which provide 400-cycle
± 2 percent current at 120/208 v for the
trackers.
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Direct Current Sources

Two batteries in the main building supply

the station clock and the telephone central

with direct current at 24 v -+ 5 percent with

1/1000 degree filtering.

One battery in the main building and two

rectifiers in the antenna lower room supply

130 v -- 4 percent, 1/1000 filtering, for elec-

tronic equipment.

Telephone Equipment Power Supply

The telephone terminal equipment of the

main building is served by a special system

(battery-standby generator-switchboard) of

the standard type for long lines equipment.

Boresight Tower on Losquet Island

An independent power supply is provided

for the boresight tower equipment. It con-

sists of continuous single-phase 220 v 50-

cycle current provided by three generator

sets rotated in service daily. A battery sup-

plies the switchboard and the RF monitoring

equipment. The battery can also provide

emergency power for the tower light beacons.

CONCLUSION

The Pleumeur-Bodou station has operated

practically without failure for all passes

where its participation was called for. Oper-
ation of the station has enabled CNET to

acquire, in addition to the experimental

results, valuable experience in the char-

acteristics of operation of such a new and

complex system. It has afforded full justi-
fication for the decision of the CNET to

equip the first French ground station with

complete facilities.

The CNET has in this way gained a solid

background for future operations with a com-
mercial satellite communications network

and for developing the present station into

a fully operational one.

AUTHOR. This chapter was contributed

by M. J. DAUTREY, Centre National d' Etudes

des Telecommunications (CNET) , Issy-les-

Moulineaux, France.
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Results of Tests Performed with Relay I at the
Pleumeur-Bodou Sr ace Communications Station

• rT

tions station at Pleumeur-Bodou with the Relay I satellite. /
An analysis is given of the means for acquiring and tracking a satellite and /

- /7

of the characteristics of the resulting communication link. The tests were extremely /,

• satisfactory and provided the experience necessary for the commercial exploitation,/

of"/uture satellite communication links, d'_

INTRODUET(ON 1962 to 14 December 1963, the Pfe'umeur-

Tests were performed at the--P]eumeur- Bodou space station made use of 123 passes

Bodou station using 123 passes of the Relay
I satellite covering the entire period from

the beginning of its operation to the time of
writing. Acquisition and tracking tests were
performed for the purpose of studying the
vamous ways of using a large antenna for
these functions, and the good and bad fea-
tures of the communication link established

thrbug}f the satellite were determined.
The tests which will be described in this

paper have shown that the operation of the
station was perfect, and that the quality of
the link was extremely satisfactory. It will

be seen that it has been possible to determine
the optimum characteristics and the operat-
ing limits of each of the station subsystems

and to acquire the necessary experience for
the exploitation of future satellite communi-
cation links. It has been shown that such

links are technically feasible at the present
time.

ACQUISITION AND TRACKING TESTS

During the first year of operation of the
Relay I satellite, namely from 14 December

of the satellite, corresponding to 46 hours
of transatlantic traffic. The links used for

tests, whether communication tests or tech-
nical tests, were never interrupted or delayed
because of a failure of equipment or per-
sonnel, of the antenna drive, or of the com-
munication equipment.

For the entire group of satellites Relay I,
Telstar I, and Telstar II, the percentage of
time during which satellite tracking was
successful reaches 99.5 percent for a total
number of passes of 315, corresponding to
126 hours of operation. It should be noted
that this figure inciudes the first hours of
space communications, which must from

many points of view be considered part of
an experimental period. No disabling equip-
ment failure occurred during anypass.

The primary purpose of the antenna drive
is to keep the horn reflector antenna pointed
accurately in the direction of the satellite

in order to permit the transmission of com-
munications of related tests. Accordingly,
particular efforts were made, during those
passes used, to establish the acquisition ca-

597
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pabilities of the various types of equipment

and their capacity to maintain contact with

the satellite in the various modes of opera-
tion. On the basis of the results of these

observations, we made a few alterations or

additions to the equipment.

It should be kept in mind that the antenna

drive equipment, except for the 136-Mc

telemetry and command equipment which we

will call the "command tracker," was built

by CNET from components provided by Bell

Telephone Laboratories and is identical to

the equipment used at the Andover station.

We will analyze in turn the various sub-

systems shown in the block diagram of Fig-
ure 4-1.

Tests With the Command Tracker

Tracking Tests

The tracking equipment receives the signal
from the satellite beacon which is transmit-

ting on a frequency of about 136 Mc. In the

case of Relay I, only the 136.14 Mc frequency

was used from the first day.

It is noteworthy that despite the change in

polarization characteristics of the satellite

signals as a function of the look angle of the

spin axis, no major difference in tracking

performance was found with respect to the

performance with Telstar I.

The many measurements made showed

that the satellite could be acquired at the

moment of its apparent rise above the hor-

izon. Allowing for the refraction phenomena

at elevations causing the first beacon signals

to be received at geometric elevations from

--0.5 to --1.0 degree, and for the time re-

quired for frequency lock of the receiver, it

is still possible to drive the antenna in the

automatic tracking mode for elevations below

2 degrees. This was even achieved on the day

of launch, when on the third pass (with no

mutual visibility with the U.S.) we were able
to track the satellite at elevations below 5

degrees and to verify that the levels of the

signal radiated by the satellite were satis-

factory.

Nevertheless, because of ground reflections
and the beamwidth of the antenna (20 de-

IBM 729

II TAPES

112
U

D Q.
.<

I 4080 MC ANTENNA_k (_ f "J

I[_ _ !_ \I ._'_.-
I T CK,NG !
I I I RECE'VERI _'7_ i f_-
J J' ; , , ; JAurOMATIC

"_ J--e''"_ ANTENNAJ_--'M'O-_ ! I TRACKINGI
, , "-.. _ I SERVOSI_ I I RECEIVERI

TAPE \'" J "/ _ 'COMMAND'

t lr J J ' "_"t._- PR.ECIS.ION T RACKER'] I_

T_MEI II F.OM PRECISIONI _ i )

I CORREC-h ll TRACKE_!_C_!___I _ _ !/

' '111 I CLOCK _AUTOTRACK_ "-'-'-_'' /COMMUNI-
T I I I J J I I _\ / CATIONS

1 JINTER-I ' ' '\
..J TAPE I t - _ POLATOR [--,.-e _ _ I ',
--I"EAOE"V-" ' -- T--it \,

WIRED POSITION l J J J \

"LOSOUETISLAND"I-- I POSITIONI . I I . . x__2____.
BORES,O.TTOWER}|JCORRECT,ONI Ic° PA ' °RI IENCODERSI

FIGURE 4-1.--Antenna drive--functional block diagram.
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grees at 3 db), there are significant errors made by transfer of the precision tracker to
in the position information provided by the automatic tracking.
equipment encoders and the actual position As indicated by the above results, the use
of the satellite. These errors are most i_n of the command tracker for acquisition of the

evidence in elevation for angles below 20 _telllte bythe communications antenna was

degrees ; the rapid fluctuations of the antenna
may reach -+-5 degrees, although the auto-
matic track still does not lose lock. For

higher elevations the pointing accuracy im-

proves, reaching --+_1degree at 40 degrees.
The azimuth information is only slightly

affected by reflections, but because of the

limited to: cofifirming the presence of the
satellite and _the time of its rise. The accu-

racy of the precomputed tape positions was,
as will be seen later, greater than that of the

tracking by the command tracker.

Telemetry

Telemetry data from Relay I was always
dimensions of the antenna and its raechan- correctly received and all the recorded mag-
ical structure, errors of about 2 degreesmaY : netic tapes could be decoded without diffi-
occur as a result of wind gusts above 60
km/hr. Because of the very open site of the

antenna, these wind speeds were observed
fairly often during the winter of 1962-63.

Figure 4-2 is a reproduction of the record-
ing of one tracking operation. During this
pass the S/N ratio was 25 db and the wind
speed 50 km/hr. This recording was made
with the tracker encoder group of the pre-
cision tracker. With the precision tracker
slaved to the command tracker, the position
data from its encoders is compared at each
instant to the precomputed tape for this pass.
The validity of the tape data is continuously

verified by the position information from the
horn-reflector antenna tracking :the _080 Mc
beacon: _:In_ addition, :: at _the 15 degree, 20

degree, and 30 degree positions a check was

mm

+,it +

, 1

POURSUITE EQUIPEMEMENT

culty. Time information conforming to the
NASA 36-bit time code was recorded on one

track of the tape from a time encoder built
at the station. When used with a decoder,

this equipment makes it possible to know at
each moment the state of the various satel-

lite subsystems. The code is reproduced in
Figure 4-3. The quality of the data would
have permitted its use for surveillance of the
satellite during the various command cycles.

Tests Performed With the 4080 Mc
Precision Tracker

Acqu;sltlon

The acquisition of the 4079.73 Mc satellite

beacon by the precision tracker is effected in
two steps; a) acquisition in position; b)
acquisition in frequency.

156 MNz $/Bru,t = + 25 dB

i!

.,,+' ,+;.+ +

Ftguam 4-2.--136 Mc tracking--S/N _ +25 db.
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Acquisition in Position--This acquisition
is considered completed when the pointing of
the antenna corresponds to the actual posi-
tion of the satellite to within 0.5 degree.
Since the 3-db beam-width of the antenna is

2 degrees, a pointing error of 0.5 degree cor-
responds to a loss of 1 db in the link.

Several series of tests were carried out

with a view to adapting the-method of acqui-
sition to the circumstances and to the train-

ing of the operators.

It became apparent that the problem is not

the same when the beacon is radiating at the
time the satellite rises above the horizon as

when acquisition is made at nonzero eleva-
tions. In the first case, acquisition can be

effected in One of two ways:

1. By the use of precomputed magnetic
tapes driving the azimuth and elevation

motors throfigh=_the tracking encoderi "this

method can be used when the time and posi-
tion information provided are considered
accurate.

2. By manually positioning the tracker

antenna in elevation at 0 degree by using
a slow, small-amplitude (about 2 degrees)
sweep in azimuth about the calculated posi-
tion. This method has the great advantage
of virtually eliminating the time parameter
for acquisition, since a trajectory which is

correct but slightly shifted in time still
permits successful acquisition.

It should be noted that acquisition by
slaving to the command tracker was not used.

In the event that there is any doubt about
the pointing information, the presence of
the satellite is confirmed by the command
tracker, so that any gross error is avoided.

In the second case, where the beacon is not
radiating when the satellite rises, acquisition
is effected by slaving the precision tracker to

the precomputed tapes, with a search in
azimuth and elevation about this position.

Some tests were carried out with the pre-

cision tracker slaved to the command tracker,

but because of the rapid variations of about
--+5 degrees it was not possible to obtain
satisfactory results for elevations below 20
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degrees. On the other hand, for elevations
near or above 30 degrees, a trained operator

may effect acqhistion by this mode of oper-
ation.

It should be added that in practice the
4080 Mc beacon is always radiating at eleva-

tions below 20 degrees.
Acquisition in Frequency When the satel-

lite has been acquired in position, th_auto-

matic frequency control oscillator Of the 4080
Mc tracking receiver must be locked in phase.

allowance for Doppler shift, from 4079.730

Mc to 4079.750 Mc for different passes,
making a variation of from 0 to T20 kc with
respect to the nominal frequency. These

deviations were noticeable especially during
the first six months.

Another fact of interest is that with allow-
ance for refraction at 4080 Mc (discussed

indetail on page 610) final acquisition
allowing transfer to automatic _racking by

the precision tracker is achieved almost

Depending on the level of the received signal, certainly for geometi, ic elevations b-_low 2
this operation is automatic and nearly _s-i_n- degrees f_sr any o_e-_n-et]4bd_ -ii_e_, _he_her

taneous, or else it requires the intervention

of the operator. Taking into account Doppler
effect, thermal drift of the beacon, or any
other perturbation within the satellite, the
range of frequencies within which thebeacon
frequency is found may be 150 kc about the
nominal value.

The automatic method, making use Of the

300-output comb filter, can in practice be
used for received powers at the parametric
amplifiers of 139 dbm, corresponding to a
S/N ratio of +2 db for the receiver circuit

used. This mode of acquisition was always
used for Relay I, for which the range at
acquisition varied from 5000 to 12,000 km,

corresponding to received signal levels of
125 dbm to 132 dbm.

In cases of lower signal levels (Telstar II),

it is necessary to have recourse to a sys-
tematic manual acquisition which consists

of setting the 3-kc bandwidth channel of the
receiver on the frequency received. Taking
account of the Doppler frequency data sup-

• Pl!ed by the computer center, one can make
a small-amplitude search about the predeter-
mined frequency and at the same time make

an auditory analysis of the beat signal; in
this way it is possible to effect acquisition
for S/N ratios in the 3-kc band as low as

--8 db. As soon as frequency acquisition is
achieved, the phase locking of the oscillator

reduces the equivalent pass band to 100 cps,
reducing the noise level to 151 dbm.

It should be noted that the frequency of
the 4080

automatic or manual, always assuming that
the beacon is radiating when" the satellite
rises.

Traeking

Once the satelli__beacon is _acquired, the

accuracy with which it will be tracked is a
function of random variations in the track-

ing and of systematic errors resulting from
mechanical imperfections of the system.

Random E_'ors--Random tracking errors
are a function of both the elevation above
the horizon and the S/N ratio in the receiv-

ing channel after phase lock. The direction
of the received signal is much less subject
to perturbations that the command tracker.

Since the width 0_f_the antenna lobe is 2 de-

grees, ground reflections are appreciably
reduced at low elevation angles. The aecu-

racy is thus about 0.2 degree for elevations
below 2 degrees. For higher elevations this
accuracy improves rapidly until at 3 degrees

it depends only on the S/N ratio.
The fluctuations due to ground reflections

were detected by recording on magnetic tape
the output data from the position encoders

and comparing it to the theoretical path.
Measurement of tracking characteristics for

elevations above 3 degrees was carried out
through the use of the horn reflector antenna
associated with its vernier autotrack. These

tests were made by taking advantage of the
fact that the precision of the angular meas-
urements of the l_orn reflec-to-r antenna is

beacon appeared to vary, after clearly greater than thatof the precision
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tracker. This difference reflects the larger
dimensions of the horn reflector antenna and
the fact that the S/N ratio in the receiver

channel of the vernier autotrack system is
always 10 db better than that of the preci-
sion tracker. On the other hand, the overall
position response characteristics of the two

systems are essentially comparable in the
zone used.

With the horn antenna slaved to the an-

tenna of the precision tracker through the
encoders and digital equipment, the angular
deviation between the pointing of the pre-

cision tracker antenna and the true position
of the satellite is measured at each instant

by the vernier autotrack circuits operating
in open loop (see Figure 4-4).

Figure 4-5 reproduces recordings made
with S/N ratios of 27 and 12 db for a servo

noise bandwidth of 0.2 cps. Analysis of these
results yields an rms noise

10-4 radian for S/N ----27 db

3 X 10..4radian for S/N ----12 db

In the case of Relay I the S/N ratio varied
essentially between 27 and 20 db. It should
be noted that these measurements include
thermal noise as well as the resolution of the

encoders (0.Sx 10 -4 radian) and the me-

chanical errors about the given position.
We have also shown in the same figure

recordings made during the same passes of

the vernier autotrack output errors with the
vernier autotrack operating in closed loop.

Systematic Errors--Systematic errors may
result from imperfections in fabrication,
from wear of the elevation and azimuth drive

mechanisms and their associated encoders,
or from variations in the setting of the
antenna base. The only systematic checks
of the base were those of level; these showed
a piling up of the foundations over the first

/
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ENCODERS
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FIGURE 4-4.--Horn reflector antenna.
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POURSUtTE TRACCIUEURDE PRECISION4080M,z

i l "t t
_u_1/ ! l. _ t . , i _ ; / ,-.,-; i.

FIGURE 4-5.--4080 Mc precision tracker recording.

three months, leading to an angular varia-
tion of the reference plane of 0.015 degree.

The monthly measurements presently being
made do not require any adjustments of the
base.

Optical sightings on the North Star have
shown that the calibration of the encoders

was correct to within +_0.01 degree about

this position. In any case, we were not able

to detect any systematic errors of conse-
quence in relation to variations in azimuth

and elevation during the passes we examined.

Uti|;zat;on

For all the operational passes Used at the

station, the precision tracker was :put into

operation. The reliability and accuracy of

this unit, together with its relatively wide
field of acquisition (beamwidth of the an-

tenna together with the search about the

computed position), led us to consider it an
element of operational reliability even though

not essential to the satisfactory conduct of

operations.

The data acquired and recorded on mag-

netic tape during the passes was not used

in a systematic fashion for the determination

of orbital parameters. It should be noted

that the average length of passes, including
the acquisition phase, was 20 minutes.

In order to facilitate use of the equipment

and to reduce the operating personnel of the
station, we installed the main controls of the

tracking encoder group in the console Of the
precision tracker operator.

Information on the difference between the

position commanded by the tape and.the point-
ing of the antenna was displayed on the
central console of the station. This informa-

tion, shown on a meter after conversion into

analog form and amplification, enables the
chief of operations to know this difference
to within 0.01 degree. A time correction
adder identical to that used in the antenna

drive group in the lower cabin under the
radome permits time corrections to be made
on the tape associated with the tracking
encoder. This arrangement makes it possible

to use the error indications provided at the
Central console to optimize the time and posi-

tion information of the tape driving the horn
antenna and thus facilitates establishment
of the link.

A computer device which can be inserted
between the precision tracker and the an-

tenna drive group was designed and built
at the station; this device makes possible
correct pointing of the RF beam carrying
the communication information despite any
deformations of the antenna, when the horn
antenna is directly slaved to the precision

tracker antenna through the encoders. The
principle of operation of this device will be
described on page 610. The diagrams of the
digital positioning circuits of the precision
tracker antenna and of the communications

antenna are shown in Figures 4-6 and 4-7.
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FIGURE 4-6.--Block diagram of precision tracker digital positioning.
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FIGURE 4-7.--Block diagram of communications antenna digital positioning.
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Tests With the Communications Antenna TWT, which provides a signal level at the

maser input of --84 dbm at a range of 6000Tests made with the communications an-
tenna concerned the various possible modes km, we could reduce the receiver bandwidth

to 700 kc, corresponding to a noise level ofof acquisition and tracking, involving meas-
urements of the characteristics of the antenna 126 dbm for a noise temperature of 30.5°K

itself in relation to the particular conditions so that the patterns could be taken at 42 db
in which the mission is being carried out. with respect to the maximum radiation.

We made studies of the following types: - - The tracking of the satellite is performed

• Radiation patterns of the horn reflector by magnetic tape. Correction for the rela-
antenna in the reception band for C0_mmu- tive deviation between the position of the

nications centered on the normaI 4169_.7_c satellite and the pointing of the antenna is
frequency and the 4079.73 Mc vernier autb- made by insertion of position corrections in

track frequency. - _ the antenna drive system. The tape is first
• Azimuth errors as a function of eleva- checked to see that it is correct; if not, fixed

tion. position and time corrections are made to

• Refraction at low elevations. == cause the actual and computed trajectories

Tests were also performed to determine to colncid_. THis is a dynamic _est, with-the
the slant range of the satellite from the com- received signal levels recorded continuously.
munication antenna. The position change (error) signals are ap-

plied at a constant rate of 0.6576degree/min-
Aot,_,o Po,_,,, - ute in the area of the radiation maximum;

These tests were performed in order to more distant (2 to 10 degrees) radiation is
determine the secondary lobes near the an- measured at the rate of 42 degrees/minute.
tenna and to verify that when the satellite The received signal levels in both the vernier

is being tracked with the vernier auto, rack, autotrack and communications channels are

the pointing corresponds to the maximum of detected by means of the previously call-
radiation at the communications reception brated AGC level; the zero of the vernier

frequency, autotrack corresponding to the pointing di-
These measurements were performed while rection in automatic track is obtained by

the satellite signal -was being received at recording the "errors" in the azimuth and
antenna elevations between 15 and25de- elevation channels. Relative variations in

grees. These values are a good compromise, distance on the order of 0.01 per minute are
permitting virtual elimination of ground
noise so that the full sensitivity is available neglected during the test. The power radi-
for measurements" the "cone effect" is neg- ated by the satellite is assumed constant over

' the duration of a pointing movement.
ligible for the pattern measurement. It was
not possible to take these patterns using the After each pattern is taken, the zero level
simulator on the boresight tower, because at the radiation maximum is taken again.
the angle at which the horn reflecter antenna The accuracy of measurement which depends
sees the simulator is 1.35 degrees and ground on the precision calibration of the recording
effects are not negligible at this angle.-_ and on the accuracy of reading the recording,

Method of Measurement--The sateIli_ is is on the order of ÷ 0.25 db.

illuminated by an auxl]iarystation radiating Results Figures 4-8 and 4-9 show the
a pure frequency. At Pleumeur-Bodou the patterns o_tained for the communications
communications equipment receives the 4170 frequency. Pointing varied from 10 to

Mc frequency and the-a_o-track _uipment _- I0 degrees from null; only those angles
receives the 4079.73 Mc beacon frequency, for which the received signal level is detect-

Because of the output power of the Relay I able are plotted. Several sets of measure-
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ments have permitted establishment of half-
power widths.

a. Elevation variable, zero azimuth point-
ing error. Allowing for the recording and

readout accuracy of ± 0.25 db, the beamwidth
for three different tests was found to be:

0.208 < 3 db BW, deg _ 0.225
0.208 < 3 db BW, deg < 0.23
0.205 < 3 db BW, deg < 0.225

Taking the mean value, we obtain

3 db beamwidth -_ 0.215 degree

b. Azimuth variable, elevation =pointing
error zero. As above, for three different tests
we found :

0.235 < 3 db BW, deg < 0.25

0.235 _ 3 db BW, deg _ 0.25
0.241 < 3 db BW, deg _ 0.26

The mean value is :

3 db beamwidth = 0.245 degree

Comparison of the commanded null of the
vernier autotrack with the maximum radia-

tion shows that within the accuracy of meas-
urement these two points coincide. Figure
4-10 shows the patterns as seen by the x and
y channels of the vernier autotrack. The
range of measurement was limited to 1'5 db

by the signal strength and sensitivity of the
equipment.

The patterns taken at the 4080 Mc fre-
quency differ appreciably from those taken
at 4170 Mc. This difference corresponds to
a slight misadjustment of the hyperfre-
quency circuits, involving inadequate decou-
pling of the TM01 and TEll channels. The
low amplitude of this perturbation affects
in no way the overall operation of the system.

Study of Azlmuth-Elevatlon Coupling

After the first month of operation of the
station, it appeared that there was a sys-
tematic azimuth error when the elevation

was above the horizon. A verification test
performed by calibration on the stars indi-
cated an error of about 0.20 degree for an
elevation of 62 degrees. A series of meas-

urements was then taken to plot the curve of
azimuth-elevation coupling, wi[h a view to

introducing a distortion correction in the
drive tapes of the communications antenna.

The method U__sedconsisted of tracking the

satellite separately with the precision tracker
and the large . antenna, with the position of
the latter controlled by the vernier auto-

track. The positions were recorded during
the entire pass_ and the data was compared
later. The information obtained in this way,
together with star calibrations and the pre-

computed satellite trajectories, enabled us to
plot a curve showing the azimuth errors as

a function of elevation. Tests carried out
for different azimuths showe d that this law
of variation remains valid for all az!muths.
(See Figure 4-11). --- -

Results: A first series of tests performed
up to 15 December 1962 enabled us to estab-
lish the following relation: tan az -- 1/570

tan el (See Figure 4-11) which is eqivalent

to the variati0nresulting from the radia-
tion from the antenna in a plane shifted 0.1
degree from the perpendicular to the axis
of rotation in elevation. A check of the an-

tenna structure did not reveal any error of
this order, but revealed that a very large

percentage of the structure bolts were loose,
resulting in excessive deformation as a func-
tion of variations in elevation.

A general overhaul of the structure was
carried out in April i_63. Using the Relay
I satellite, a systematic study was then made
to define the new law of variation. It was

possible to perform these measurements
between 0 and 80 degrees: higher elevations
were never reached with the satellite repeater

radiating. Mathematical analysis of these re-
sults permitted us to derive an azimuth cor-
rection to be applied to the antenna as a func-
tion of elevation. This correction has the
form

az-- 0.06{ cos1 el 1)--0.05sine/

These corrections are systematically ap-
plied to the drive tape of the antenna and

added in the digita!_ azimuth information
equipment.

This law of Cariation may be compared
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with that provided to us by BTL and used
on the Andover antenna (tracking program
document, October 15, 1962--Program De-
scription) :

( 1 1.002442}az ---- --0.0866 cos el

--0.02135 (sin el -- 0.697565)
---- --0.0866

Note: This azimuth correction is to be ap-
plied to the "apparent width" of the radia-
tion pattern for a rotation in a horizontal
plane; for each value of the elevation the

"apparent width" of the pattern is, because
of the coning effect, equal to the actual width
of the pattern (0.23 degree at 3 db) multi-
plied by 1/cos el.

In the present case, if no correction terms
are introduced into the antenna drive equip-
ment the communication link loss remains

less than 1 db for any elevation.
Because Of this coupling there appeared to

be some difficulty associated with slaving the

antenna directly to the precision tracker,
since the positions indicated by the encoders
of the two antennas did not have the same

value while the satellite was being tracked.
We therefore assembled a computer which
would provide for making this correction
between the encoders of the precision tracker
and the antenna drive group.

The purpose of this device, which was

mounted in available racks in the tracking
encoder unit, is to provide automatic correc-
tion by means of a wired program which
determines the value to be added to the
azimuth information :

a 1
az = -- (co---_e/-- 1 ) b sin el

with a = 0.06 and b = 0.05, which corre-
sponds to measurements made for values of
elevation up to 85 degrees.

The series-type computer calculates the

successive powers of the elevation, expressed
in rad[ans, up to the seventh term. It then
modifies these terms as a function of the

coefficients a and b and then adds the partial
results. A complete cycle is performed in one
sixty-fourth of a second.

The polynomial selected is of the form

5 b s b 5 45ax6
a z = -_ b x -}--_- x -- -i--_ x -- -_ -t-&x"

The deviations between this function and

the theoretical one are always lower than
the noise in the information provided by the
precision tracker.

Study of Refraction

Since the satellite is commanded from the

Nutley station, the relative positions of the
Pleumeur-Bodou and Nutley stations and
the direction of motion of the satellite are such

that the satellite TWT is very often already

operating at the time the satellite rises above
the theoretical horizon at Pleumeur-Bodou.

The advantageous position of the station, for
which the proximity of the ocean makes the
theoretical horizon coincide with the real

horizon in many directions, has enabled us
to perform tests on the refraction of signals
at low elevations. These measurements were

made at frequencies near 4000 Mc.
Many passes were used for these tests. It

is noteworthy that no appreciable variation
in the results was observed with respect to
the seasons. This stability must be consid-

ered to result from the proximity of the sea
over which the satellite rises and the small

climatic variation of the region.
Two test methods were selected:

1. For elevations above 1 degree, we used
magnetic tape recordings of antenna posi-
tions during automatic tracking of the

satellite. This procedure requires the close
attention and skill of the operators because
of the fluctuation of received signal levels up
to elevations of 3 degrees. The resulting in-

formation, corresponding to the apparent
elevations, is later compared to the geomet-
rical elevations of the theoretical pass, re-
constructed from trajectory readouts during
the entire pass.

This reconstruction of the trajectory was

especially easy for Relay I, since the com-
puted trajectories were very close to the
actual trajectory. The accuracies obtained
after reconstruction were of the order of

0.01 degree.
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I
I

2. For elevations below ! degree, the an- Analysis of these results shows the fol-
tenna is preset in elevation to the value lowing:
selected for the measurement and is servoed 1. The refraction measured at 4000 Mc,
in azimuth to the tape. Because of this Iatter- slightly greater than l_gh_: re_ctlbn up to
condition, an attempt is made to selec_=a- 3-de_ees, is clearly greater for lower angles,
pass for which the azimuth varies only reach]n-g_a limit of i.05degree for 0.55 de-

slightly with time, in order to eliminate any: gr_e=_eiev_ation. - ......
time error in pointing. When the satelll_te _he-measured refract[onlaw coincides
rises, the time of passage across the antenna_ - wit--_h the law in (n --1)-cot el with-(n- 1)

lobe prevents determination of the geomet- ±1_3006 for angles grea_er than 7 -dfei_rees.

rical elevation corresponding to this appa_- _3"-_US e °f the (n 1) cdt_e/l_aw limited to
ent elevation, the value el -- 3 degrees corresponds for the

Both methods enabled us to plot point by r_e:of thesateHite to an error of O.6degree,

point the correction curve for refraction as delaying acquisition with tapes W:h]ch have
a function of geometrical elevation (see Fig: ........ -_:een calculated with allowance for this-[nf0r-

ure 4-12). This law of variation enabled us,
once it had been introduced into the program
for producing the antenna drive tapes, to
acquire the satellite at apparent elevations
of 0.2 degree, corresponding to a geometrical

elevation of 0.6 degree. This acquisition
does not assure the quality of the commu-
nication link, which is subject to large varia-
tions in level at these low elevations.

We have plotted on the same figure the

marion.

Range Measurements

The theory of the method used to measure
ground antenna to satellite range is that
from a knowledge of the propagation velocity

-of electromagnetic waves in the atmosphere
and the propagation times in the various

items of equipment used one can determine
the range. This is done by measuring the

following three curves: time required for a signal transmitted by the
1. The law of light refraction ground station to return to fl_e same station
2. The law in (n--1) cot el, with (n iY after frequency conversion_y the satellite.
" -- 3.3 X 10 -_ _-- Measurement Setup _ddition to the

3. The law as plotted at Pleumeur-Bodou station transmitting and receiving equip-
for 4000 Mc.
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pulse generator and a time measuring device
(Figure 4-13). The pulse generator receives
pulses from the station clock (pulse frequency
1 cps, pulse width 0.5 sec) and provides
pulses of the same frequency with a 3-volt
amplitude and adjustable width. The pulse
width adopted for the measurement is 500
microseconds with a rise time of 0.06 micro-

second. Each pulse is fed both to the trans-
mitter modulator and to one of the inputs
of time measuring unit.

The equipment operates as follows : a pulse
applied to one of the inputs ("start") starts
the counter, which stops when a second pulse
reaches the other input "(stop"). The

counter measures the time separating the
two pulses. The precision of the unit is 0.1
microsecond. The pulse fed to the transmit-

ter modulator reappears after going through
the satellite at the receiver output at seconds
later and stops the counter, which then in-
dictates the value of this _t.

The results of the measurement were auto-

matically recorded by a printer which records
the values shown by the counter as well as
the time each pulse leaves (every second on
the second).

Measurements--The general expression
giving the ground-to-satellite range must take
into account the following:

1. The velocity of electromagnetic waves

in free space. The velocity used is taken
equal to the velocity of light:

C : 299,792.5 ± 0.4 km/sec

This is a figure arrived at after a series of

_
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tests on reconstructed trajectories for Relay I.

2. The propagation time in the equipment.
A satellite simulator in the boresight tower,

at a known distance of 6344.4 m from the
center of the antenna taken as a reference,
permits determination :of the propagation
time in the set of: equipment being used in
relation to the theoretical time required to

traverse the same distance at the velocity of
propagation of electromagnetic waves. We
assume in addition that the propagation time
within the satellite is identical to that in the

corresponding simulator.
We therefore have:

h to -- t_ -- 2__dd
v

where

At0 = Total propagation time in the equip-
ment

t= = Measured time
d -- Reference distance

v ---- Propagation velocity

For Project Relay and the frequency com-

pression demodulator this yields

At0 ----44.1 -- 42.3 = 1.8 microseconds .... R ---- Antenna to satellite range
: _: : _ ........ C = Propagation velocity of electro-

3. The difference between the time re-........ _: _=.................. magnetic waves
corded and the time of measurement: Since t- = Measured time

613

of variation of the index of refraction as a

funct_0n of altitude from the ground:

n(h)-- 1 +(no-- 1)e-- 0.135h

for

5Es U
(no-:l)----{77.6T+3.73X10- _- )XlO -e

where

p = Atmospheric pressure in millibars
T = Absolute Temperature, degrees K

Es = Saturated vapor pressure at tempera-
ture T

U = Relative humidity
h -- Altitude in km

The results of this calculation are plotted in
Figure 4-14.

Results: Taking into account the above
considerations, we can write

1 (at At0)-- dD At
R =--_--C - dt " ---_-- _(')

where

At is the time required by the 'signal to make to ...... Propagation time within the=equip:
the _und trip fromlantenna '_0_atelli_to _ _ -_.men_t ....................

antenna, this difference is At. Allowing for dD/dt____Radial velocity of the satellite
the_radlal velocity0f the Satellite with _r_pect

to the:s_t_gn, the correction termtobe in-
troduced into the range measurement because
of this time difference will be

dD At

dt 2

4. The variation of the signal propagation
Velocity with respect to that existing in space

and the curvature of the signaI in the atmos-
phere. The cause of these phenomena is the
v_ariation in the index of refraCtion of the
atmosphere. :Using the_620 _computer, we

undertook a theoretical s_udy-g-lv-ing _the devi'
afion between _he apparen_:_n:/ea_'ed: dis-
tan_e -and: the _actuaI _=distance: ......

=in maldng:t_]s si:ud:_-we-aS'sumed :the fol:

lowing expression as characterizing the law

•(.) -- Range correction as a function of

. the index of refraction (Figur e
4-14)

The estimated accuracy of such a meas-
urement appears, on the basis of an error
calculation, _o be On the order of a few tens
of meters.

Figures 4-15 and 4-16 show curves plot-

ted on passes 903 and 2669 of Relay I. The
deviations between the measured range and
the range :calguiated from the theoretical
trajec-tor:¢ enalJle U-sto conclUde, aftera corn'
parison with the radial vel0ci-ty 0f-t_he satel-

hme error is 0._ see m one caseiite,= that the " ......................
anff2 seconds in _he oth_L:-_Kr_str-uc_ion

of _the :trajectory perfS_[-_5_ :preclsion
tracker data confirms this deviation'
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FxGUaE 4-14.--Deviation between the apparent distance Do and the geometrical distance d.

Method of Acquisition and Tracking

This section summarizes the experience we
have acquired which enables us to define a
general mode of operation suitable for the
various circumstances which may occur.

Acquisitions--During the phase of waiting
for the satellite to rise, or in case the beacon
is not radiating when the satellite rises, for
the beacon to be turned on, the antenna is
driven by the precomputed tape prepared
from the data received from Goddard Space
Flight Center in the form of topocentric
XYZ coordinates and transformed by the
Pleumeur-Bodou computing center into az-el-
range coordinates.

During the 133 passes conducted with
Relay I, with the exception of the very first
days of the satellite life in orbit, it has ap-
peared that the accuracy of the received

data is always better than --+0.05 degree;
this error is generally eliminated by the in-

sertion of time corrections on the tape. These
corrections are never greater than 3 seconds
and are generally about 1 second.

On the other hand, the "mean orbital pa-
rameters" determined by NASA do not allow
us, with the machine programs in our pos-
session, to drive the antenna in a usable

fashion; the results of the computation are
not close enough to the actual positions.

The criterion of acquisition is the phase
lock of the frequency drive oscillator in the
vernier autotrack receiver, assuming satis-
factory operation of the system as a whole.

There are two ways in which this acquisition
can be effected:

1. The precision tracker acquires the satel-
lite first, and transfers to automatic track.
The delay in acquisition by the horn antenna

may arise either from a poor frequency in
the phase lock oscillator of the vernier auto-

track receiver or from drive tape data which
does not correspond to adequate pointing ac-
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FIGURE 4-15.--Relay revolution 903--range
measurement.

curacy for the antenna. In either case, the
oscillator does nqt__!9_k on in phase.

The chief of operations-can determine
which of these errors is involved by looking
at the AGC level of the communications re-

ceiver, as displayed on the central console.
Two actions_are _ken : ..........

(a) The vernier autotrack transfers to
frequency Servo on the precision tracker

(b) The error between precision tracker
and tape, displayed on the console, is reduced
as much as possible by insertion of time cor-
rections.

If after these two steps are taken the satel-
lite still has not been acquired, and if the
elevation of the satellite is greater than 2

degrees, the horn antenna is slaved to the

precision tracker. The 2 degree limit reflects
the fact that below this elevation the oscilla-

tions of the pre-cis]0n_racker _16 =n6t permit
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FIGURE 4-16.--Relay revolution 2669 range
measurement.

extended slaving of the horn reflector antenna

to the precision tracker. With this arrange-
ment, acquisition is normally effected very
quickly.

2. The satellite is acquired by the vernier
autotrack first or simultaneously with the

precision tracker. In this case the tracking
mode starts immediately.

It should be noted that acquisition by

spiral scan about the position given by the
tapes has never been used. Use of this mode
of operation assumes that the precision
tracker has not acquired, and results in a
simultaneous search in frequency and posi-

tion. Considering the spiral scan rates and
the range of frequencies to be explored, the
problem is virtually insoluble.

Tracking--As soon as the sateIIite beacon
is acquired in frequency, the method gener-
ally used is transfer to the tracking mode
called VAT 3. In this mode the antenna is

slaved directly to the satellite without the
tapes in the servo loop. It is therefore pos-
sible to compare the _lo_ointfng data_0r _the
satellite with the tape_da_n_o_pIytime
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and position corrections to make them identi-
cal. Once this is done it is possible to remain
in this tracking mode or to use mode VAT 1,
which makes use of both the tape data and

the pointing errors provided by the vernier
autotrack. This mode has the advantage of
greater reliability, since any interruption of
reception by the vernier autotrack does no[
interrupt tracking; the tracking continues as
commanded by the updated tapes.

In practice, both modes (VAT 1 and VAT
3) were used during the Relay tests without
any loss of the satellite being attributable
to them.

Tracking by means of direct slaving of the
antenna to the precision tracker was used

by way of test. This method gave very good
results after insertion of the antenna distor-

tion computer described on page 610. The
oscillations introduced by the tracking noise

in the precision tracker (see Figure 4-5)
do not result in any fluctuation in the com-
munication signal, since the angular devia-
tions are comparable to the 3-db width of the
lobe (0.23 degree). This tracking mode may
on occasion be used in a case where the drive
tapes have not yet been prepared, although
the satellite has been acquired by the pre-
cision tracker. In order to facilitate the tests,

the circuits of the antenna drive group were
modified to provide for insertion of position
corrections between the precision tracker
encoders and the horn antenna.

Makeup of the Operating Crew--During
the operational periods corresponding to
satellite passes and the one-hour period pre-
ceding each pass, the antenna drive is manned
by the following crew:

• One technician at the command tracker

(if telemetry data are taken)

• One technician at the precision tracker

• One technician at the vernier autotrack

• One technician at the servo group

• One operator at the computing center

• One digital circuit technician able to
work on both the precision tracker and com-
munications antenna circuits.

The antenna drive crew is supervised from
the central console (G.S.C.C.) by the chief
of operations.

Conclusion

All the above tests have shown that the

acquisition of the satellite is nearly certain
and that subsequent tracking is such that
communication links can be established and

tests performed with them with no difficulties

attributable to pointing errors. In particular,
the tests have shown that it would be pos-

sible to reduce the amount of equipment and
the computation time, while using only pres-
ent techniques, by making use of the vernier
autotrack associated with a rendezvous tech-

nique. With this technique it would be neces-
sary to compute only the position of acquisi-
tion of the satellite, with the digital antenna
drive equipment commanding the appropriate
position and the vernier autotrack automat-
ically taking over tracking as soon as the

satellite is acquired.
In the case of a stationary or nearly sta-

tionary satellite, the use of the vernier auto-
track as the main element of the antenna

drive would probably have to be re-examined.
With well trained personnel who are famil-

iar with the equipment, it is possible to cope
with any slight incidents which might occur

during satellite passes without interrupting
the link, by making appropriate use of the
various circuits for pointing the antenna in
the direction of the satellite.

COMMUNICATIONS TESTS

The Pleumeur-Bodou station utilized 113

passes of the Relay I satellite for commu-

nication tests during the period from the
launch of the satellite (14 December 1962
to 15 December 1963). Tests of a technical
nature were made during 74 of the passes.
In most of the cases the satellite was used

in loop tests, where the station received back
the signal it had transmitted. Such tests are

nearly identical to straightaway tests, and
much easier to perform. In the course of
some of these tests, however, the Pleumeur-
Bodou station worked in collaboration with
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the Andover, Nutley, or Rio stations. Sys-
tem tests or demonstrations were carried out

on 51 additional passes, with some technical
tests accompanying or preceding the system

test or demonstration on these passes as well.
The technical tests concerned measure-

ments of received signal power, receiving
system noise, noise in the communications

channel, and distortions of the _received sig-
nal. Some measurements were also made of

plied by a hyperfrequency generator. The
absolute accuracy is ± 1 db.

The results of these measurements were

compared with values calculated from the
range of the satellite. The following mean
values were used in the calculations:

• Level of signal radiated by the satellite :

40 dbm for a one-way link, 37 dbm for a
two-way link

• Satellite antenna gain, 0 db
the effects which are peculiar to satellite • Station antenna:gain at 4170 Mc, 58 db

=

communications. We will conclude with a • Receiving system attenuation, 0.4 db
description of some of the system tests. '_ The recordings 0f received carrier power

_ -:-: _ enabled us to study both the mean value and
Received Carrier Power _" the fluctuations of this parameter,

The power level of the received Signal _Was

systematically measured during each pass Mea, Vol_eof Re_a co,,_, power

used for tests. The measurement was made
by recording the circuit variations ]n_the
receiver AGC. The measurement was_:ali-

brated prior to each pass by applying to the

receiver input a signal of known power sup-

Figures 4-17:and_4:18 show typical ex-
amples of the results for one-way and two-

way links. The mean value of received
carrier power is plotted as a function of
satellite range, together with the theoretical

:; " ONE-WAY LINK

--91

.... _ CABLEPT= 40 DBM

LOSSES 1 DB

G R 58 DB

0.4 DB

RELAY I
REV 207

-92 RELAy I
REV 206

9 JAN 63 9 JAN 63 9 JAN 63

I 2 4 6 8 l0 2 4 6 8 10 2 4 5

.... RANGE N THOUSANDS OF STATUTE MILES _-- "_

- - - "-° "t_iCUR'E 4-17. Received carrier power at maser input, one:w'ay_ ..............

8 10

............. ± E



618 RELAY I--PART III

g

2

c£

<
u
c_
uJ

>

-83

-84

-85

-86

-87

-88

-9C

-91

-92

-94

-95

-96

RELAY I

REV 980
18 Apr 63

I I I
CARRIER WAVE AT 4165 MC

I I I_
2 4 6 8 I0

TWO-WAY LINK

i
RELAY I

REV 980

18 Apt 63
! 'I

CARRIER WAVE AT 4175 MC
l I I

2 4 6 B 10

RANGE IN THOUSANDS OF STATUTE MILES

FmURB 4-18.--Received carrier

PT = 37 DBM
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\

\

RELAY l

REV 1089
2 May 63

\
\

\

CARRIER WAVE AT 4175 MC
I I I

4 6 8 10

power at maser input, two-way link.

curve. The calculated values do not allow
for variation of the satellite antenna gain

as a function of look angle (the angle made
by the satellite spin axis with the -direction

of the station), nor for the smaller varia-
tions in the output power of the satellite
TWT. Good agreement can be seen between
the theoretical and experimental results.

Fluctuations ;n the Received Carrier Power

One cause of large fluctuations in the re-
ceived carrier power is the rotation of the
satellite on its axis, combined with the irreg-

ularity of its radiation pattern. This rota-
tion, however, does not explain adequately

the very large variations noted at low eleva-
tions (Figure 4-19). We believe that in this
case the observed fluctuations are due to mul-

tipath propagations caused by rapid changes
in the homegeneity of the atmospheric layers
traversed by the signal as well as by reflec-
tion of the signal from the ground at points

near the antenna, where the radiation lobes

are not yet formed. Figure 4-20 is a repro-
duction of a recording of received carrier
power made With a higl_ paper speed on the

recorder; the elevation of the antenna was
great enough so that only fluctuations due to
the spin of the satellite appear. From this
recording one can deduce that the spin rate
of the satellite at that time was 2.6 rps.

The fluctuations can be seen to be large, on
the order of 3 db, and to have an apparent
period twice that of the satellite spin rate.
This is in agreement with the effect that
could have been predicted from examination
of the satellite antenna pattern taken before
launch.

Noise Temperature of the Receiving System

Measurement of the noise temperature of
the receiving system is performed at a point
after the maser amplifier and the first IF
stages. The noise contributed by the equip-
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08:19:34 EL = 4 °

LOOK ANGLE = 100 °

?

08:19:33

08:19:32

-9._ -gJ -.¢1 -$9

RECEIVEDCARRIER
POWERjdbm

FmUR_ 4-20.--High-speed recording of received

carrier power, pass 548.

FmtmE 4-19.--Recording of received carrier power,

pass 548. The presence of the satellite is not required

ment downstream of this point may be con-
sidered negligible; it will be seen later that
this is not always the case, and that some

parts of the baseband equipment are re-
sponsible for a significant part of the noise
affecting the demodulated signal. This noise,
however, is in equipment which is not pecu-
liar to satellite communications and could be

made negligible by improvements to the

equipment.
The noise measurement is performed by

determining the difference in power level of
the noise contr_uted by the receiving equip-
ment alone and the receiving equipment plus
a known source of noise. A calibrated white

noise generator is coupled in at the maser
input to provide the second measurement.

for this measuremen[,_ it is performed be-
fore and after each pass utilized and each

time the receiving system is ready for oper-
ation.

At the time of publication of the results

of tests made with Telstar I we gave some
statistical data on the noise temperature
measured at the zenith. In the present re=

port this information is supplemented by
results from tests with Relay I. The data
is based on 487 measurements performed

during the period 1 September 1962 to 28
November 1963. The da_a obtained in July

and August 1962 has been excluded, because

the precisibn of those measurements is poorly
defined. _ - =-

It can be seen from l_iguYe-_2Y_hat the

great majority of receiver noise tempera-
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tures at the zenith are in the vicinity of
33°K, but that a much smaller grouping of
measurements falls between 50 and 60°K.

These two points of concentration of meas-
urements correspond respectively to the case
of a dry radome and the case of a wet
radome. Finally, a small number of meas-

urements are above 70°K and appear to
correspond to very unusual Weather condi-
tions such as heavy rain or snow.

The distribution curve was also plotted,
as shown in Figure 4-22. It is seen that the

mean value is 33°K, that in 85 percent of
the cases the noise power deviates by less
than 1 db from the mean values, and that in
99 percent of the cases it deviates by less
than 4 db.

Noise in the Communication Channel

Since a low noise level is required if a
communication channel is to be of sufficiently
good quality, we determine the spectrum as
well as the effect of noise in the telephone
channels and in the video and audio channels

of the television signal.

Analysis of Noise in the Communications Channel

The analysis of noise as a function of fre-
quency in the communications channel is
performed with a selective analyzer having

an equivalent pass band of 4 kc. Figure 4-23
shows the noise power level as a function of
frequency at a zero relative level point,
corresponding to an effective frequency
deviation of 675 kc for the satellite-ground
link per 4-kc channel. We have plotted both
the measured level of the signal and the
theoretical straight line (broken line on the
graph) corresponding to a triangular noise

spectrum computed from the measured
values of received power and noise temper-
ature. We have also plotted on the same
graph the same curves for the link formed
by a loop on the satellite simulator (dashed
lined). In this latter case the agreement
between measured and theoretical values is

excellent; for tile satellite loop a triangular
noise is still observable, but the measured
noise power is about 3 db above the theo-

retical value (noise contributed by the
ground-satellite direction is not taken into
account).

I,,I,,. ,I,I11I..,II,,,,,
30 _BO 50 60 70 80 9(}

NOLSE T[MPERATURE, °K

FmURE 4-21.--Distribution of noise temperatures at

the zenith over 487 measurements made from

1 Sept. 62 to 28 Nov. 63.

FIGURE 4-22.--Distribution of noise temperatures

measured at the zenith (September 1962 to Novem-

ber 1963).
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FI(;UB_; 4-23.--One-way wideband llnk-analysis of baseband noise (at classical demodulator output).

For the low frequencies there=is an |n- ments, made at _ _e]ept_ony_test point, it is

crease in noise with: respec{:t0ti_e {heo-retlcal possible to plot the c_u÷ve_representing the
curve:wh_c_is_c[ue to the equipmenti for unweighted signal-t0:n01se ratio in a 4-kc
these: _iow_fr_nc]es_=the:moduiation::gain telephone channei as: aYun-ction of the center

is such tha_thepo_{on_of the noise created frequehcy of the': g[vdn- channel (Figure
before demodulation becomes negligible in 4-24). It can be Seen that the unweighted
comparison to the noise of the baseband S/N ratio is greater than 44 db for channels
equipment. Beyond about 6 Mc the noise having Center frequencies as high as 2.5 Mc.

power decreases because of limiting of the It should be noted that at the time of this
pass band. In this connection it should be measurement, receiver noise temperature
noted that the measurement was made di- was abnormally high and the received signal

rectly at the output of a classical demodu- power only average.
lator: The same measurement repeated at a
telephony test point in the central building
showed that the 3-db pass band after the

signal entered the baseband equipment and
the connecting cable was reduced to about

4 Mc. The connecting cable is not equalized
beyond 3 Mc.

No,se in the 'elep_One Channels

Telephone Channel Noise for One-Way
Links--From the above:described measure-

Telephone Channel Noise for Two-Way
Links--In collaboration with the Nutley and

Rio stations, communications tests were made
of a group of 12 two-way telephone channels
in the 12-60 kc frequency band. The S/N
ratio in the channels was measured by means

of a psophometer conforming to CCITT rec-
ommendations. Table 4-1 gives the results
obtained with the Nutie_/: station; it can be

seen that the weightea_]_ermal noise power

2C: ::
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at a zero relative level point remained below
30,000 pw (weighted S/N ratio greater than
45 db). The reception conditions were aver-
age, the received power was on the order of

--92 dbm, the receiver noise temperature
was on the order of 38°K, and the rms
frequency deviation per channel was 29.5 kc
for the ground-satellite direction.

TABLE 4-1.--Transmission

12-60 kc band)

[SignaI to Weil hted Noise Ratio

Type of ligk

(channel) 1 2 3 4 5 6 7 8

Two-way with

Nutley .......... 47 47 46 48 48 45 49 50

Looped on the

simulator ........ 41 42 51 50 45 39 49 52

of 12 Telephone Channels

db

9 10 11 12

4g 48 48 47

46 52 52 53

The same table shows the results of meas-
urements taken when the link was looped

on the simulator, which was then receiving
only one carrier. These results are compa-
rable to those obtained with the satellite; the

gain obtained as a result of the greater re-
ceived signal power was balanced by the
increase in noise temperature for the low
antenna elevation.

The same tests were repeated in collabo-
ration with the Andover station in the 60-

108 kc frequency band, with the rms fre-
quency deviation per channel 104.7 kc for

TAI_LE 4-2.--Transmission of 12 Telephone Channels
(60-108 kc band)

[Signal to Weighted Noise Ratio] db

Type of link

(channel)

Two-waywith

Andover .........

Looped on the

simulator ........

I 2

53 60

i
60 160

1

314 5

58 160 58

60 !60 61

617 8 9 10 11

--i ......

60160 60 60 54 61

fl1!61 61 60 61 60
I !

12

61

6O

the ground-satellite direction. Table 4-2
gives the results of measurements made
under average conditions of reception, with
a received signal power of --92 dbm and
receiver noise temperature of 34°K. The
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results obtained with a loop test on the
simulator are practically identical. The

weighted S/N ratio is about 10 db greater
than that obtained in the 12-60 kc band,

corresponding to the difference in modula-
tion gains for the respective frequency devi-
ations of 29.5 and 104.7 kc.

Television Noise

Noise in Video Channel--Measurements

were made of the ratio of the complete peak-
to-peak signal to rms noise in television,

old With the frequency-compression demodu-
lator and with the classical demodulator.

No impulsive noise was observed.

Noise in the Audio Channel

Measurements were made of the ratio of

peak signal to rms noise in the television
audio channel for one-way television, at a
+3 dbm level point for a 1000-cps sinusoidal
signal modulating the 4.5 Mc audio sub-

_rier-_Vith a peak frequency deviation of

17.7 kc; the peak frequency deviation pro-
duced on the carrier by the audio subcar-

with the noise limited by a low-pass filter rier was 1.4 Mc. Under these conditions
at 3 MC and by a high-pass filter at 10 kc, the frequency deviation of the peak of the
fabricated in conformity to CCIR recommen- _--"coraplex h0und signal, which is by definition
dations for the 405:line standard.

Table 4-3 gives the results of measure-
= .

ments taken Under varying conditions of
received power and noise temperature. An
appreciable difference can be seen between
the measur_t and Calculated values. In addi-
tion, the improvetn6nt due to weighting as
recommended by tl_ CCIR for the 405-1ine
standai-d'does not reach the theoretical 12.3
db calculated for a triangular noise spec-
trum: These differences are largely due to

groff_d_equipment noise, especially in the
linl< between the receiver under the radome

9 db greater than the effective power of the
1000-cps sinusoidal signal, is 50 kc.

The measurements were made with an

rms voltmeter measuring the effective un-
weighted noise and with a psophometer in

the audio band giving the value of the effec-
tive weighted noise. For some measurements
a pre_mphasis network of the RC type,
favoring the highs and with a time constant

equal to 75 microseconds, was used. Table
4-4 shows the results obtained during four
passes. A large deviation can be seen be-
tween the measured values and those cal-

and the central building. No difference is cuIated in neglecting the noise contributed by
sehn:-between values obtained above thresh- the ground-satellite direction. This devia-

TAI_LE 4-3.--Video S/N Ratio/or One-Way Television

P-P signal/r.m.s, noise (db)

Calculated values
without pre-emphasis Measured values

Received
_dower

bin)

--84

--82.5

-- 83.5

--84.5

--87

--88

Noise
temp
(oK)

44

43

54

67

43

4O

Unweighted

51.4

52.9

51

49.1

48.4
47.7

Weighted

63.7

65.2
63.3

61.4

60.7

6O

Unweighted

With
pre-emphasis

44.2

45.2

NO

pre-emphasis

42.5

48.2

44.2

44.2

Weighted

With
pre-emphasis

50.2

50.2

No

pre-emphasis

50.5

57.2

52.2

52.2

1
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TAmJE 4-4.--Audio S/ N Ratio for One-Way Television

Rcv

No.

448

633

873

2271

Received

powcr
(dl)m)

-87.5

-87.1

-85.5

-89

Noise

temp
(K)

56

32

32

30

Peak signal to r.m.s, noise (db)

Calculated Measured

Unweight ed,
no

pre-cmphasis

60

62.8

64.4

61.2

Unweighted,
no

pre-cmphasis

46

51

Unweighted, Weighted,
with no

pre-emphasis pre-emphasis

48 ...........

58 ............

Weighted,
with

pre-emphasis

.....  9_8

tion is due to ground equipment noise. In

any case the quality of the link remains ade-

quate.

No impulsive noise was observed.

Distortions in the Communications Channel

The distortions to which the signal is

subject during transmission take the form

chiefly of video signal and synchronization

signal deformations in television or inter-

channel intermodulation noise in telephony.
A main cause of distortion in FM is the

variation of group propagation time in rela-

tion to intermediate frequency. We studied

this phenomenon and its consequences for

the transmission of multiplex telephony or

a television signal.

GROUP DELAY DISTORTION AS A FUNCTION

OF INTERMEDIATE FREQUENCY

This distortion is measured by applying

to the modulator input a 50-cps sinusoidal

signal which causes a frequency deviation

of ± 10 Me about the center frequency; on

this signal is superimposed a 200-kc sinusoi-

dal wave causing an additional frequency

deviation of low amplitude (about 100 kc).

At the receiving end the 50-cps signal is
filtered out and the 200-kc wave is sent to

a phase discriminator which gives an in-

stantaneous voltage proportional to the devi-

ation between the instantaneous phase of the

200-kc signal and the mean value of this

phase, for a value of the intermediate fre-

quency determined by the instantaneous

amplitude of the 50-cps signal. This error

voltage is applied to the vertical deviation

plates of an oscilloscope whose horizontal

sweep is at the rate of the 50-cps sinusoidal

signal.

Figure 4-25 is a reproduction of the curve

observed on the oscilloscope screen. A peak-

to-peak distortion of about 60 nsec can be

seen for a 20-Mc frequency band. In Figure
4-26 this distortion has been broken down

into a linear distortion of 16 nsec peak-to-

peak, a parabolic distortion of 40 nsec peak-

to-peak, and a residual undulating distortion

of 18 nsec peak-to-peak. Since the curve

being studied is not a rigorous mathematical

ao

2o ---

o r_

FR[QU[NCY, MC

R_AY i
_ _45z
250c_63

FIGURE 4-25.--Delay distortion as a function of the

intermediate frequency.
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FIGURE 4-26.--Delay distortion as a function of in-

termediate frequency (separate components).

representation of the sum of these three

types of function, this analysis has a certain

arbitrary element in it.

Considering the accuracy of the measure-
ment, about 2 nsec, no difference was ob-

seryed between the results obtained with a

classical demodulator and the frequency-

compression demodulator, whether the link

was looped on the satellite or on the simu-
lator.

Intermodulation Noise in One-Way Telephony

Intermodulation noise is measured in the

channels centered on 70, 1248, and 2438 kc

of a 600-channel telephony multiplex. To
make the measurement the transmission link

is loaded by a continuous-spectrum signal

conforming to CCIR notice No. 294. The rms

frequency deviation per channel was varied
on both sides of the nominal value of 512

kc. A pre-emphasis network conforming to
CCIR notice No. 275 for 600 channels was

used for some measurements.

Thecurves of Figure 4-27 indicate the

results obtained with and without pre-

emphasis; direct indication is given of the

ratio of signal to unweighted noise at a zero

relative level point in a 4-kc band. The

dashed lines represent the measured value

of_the S/N ratiowithno modulation present
(thermal noise alone).

+(_ 60 -- ---

FREQUENCY OfTHE MEASURED /

m CHANNEL /

7U KC _"

_-- ' J _,..t.-" ""--
Z I

_' 40 ----4- _--

1248 KC_ II
243_B KC ._

+ !
i ;

RECEIVED pOWER _ - B6 DBM
NOISE TEMPERATURE S3°K

.. ! 1_/ i i

R_/ 354 WITH CCIR PRE-E_PHASIS -

(_LASSICAL DEMODULATOR 28 Jan 1963

180 255 360 510 7_D 1020

.RMS FREQUENCY DEVIATION PER CHANNEL (SATELLITE-TO-GROUND} • KC

i I i I _ I
-9 -6 -3 0 +3 _6

OB

Fmurm 4-P.?.--Zntermodulstion noise for 600
one-way channels.

It can be deduced from these measure-

ments that it would be possible, when pre-
emphasis is not used, to choose an effective

frequency deviation per channel on the order
of 800 kc to obtain in the worst channel an

optimum ratio of signal to unweighted noise

of 39 db. When pre-emphasis is used, on the

other hand, we observe as would be expected,
an improvement in overall S/N ratio with

an optimum value as high as 41 db for an

effective frequency excursion per channel of
about 650 kc. Under these conditions the

total psophometric noise power is as high as
35,000 pw.

Figure 4-28 shows the same curves plotted

for a link looped on the satellite simulator,
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threshold. Other measurements made using
this same demodulator with the pre-emphasis
network showed that the intermodulation

noise was very large, even for very low
values of frequency deviation per channel.
This demodulator should therefore definitely
not be used under those conditions.

IntermodulatJon Noise in Two-Way Telephony

Crosstalk measurements were made for a

group of 60 two-way telephone channels in
cooperation with the Andover station. No
pre-emphasis was used. Figure 4-29 shows,
as a function of rms frequency deviation per
channel, the overall S/N ratio (thermal and

60

O 5(3

z

z

o

I I
FREQUENCY OF
THE MEASURED

CHANNEL e_j_

_--_70 KC_

I 1 I
RECEIVED POWER - 85 DBM

NOIS E TEMPERATURE 90°K

............. J--

I
!

i

!

\
1

NO PRE-EMPHASI S

FREQUENCY COMPRESSION

20 i 80 255 360 510 720 1020

EFFECTIVE FREQUEI'RCY DEVIATION PER CHANNEL (SATELLITE-TO-GROUND), KC

I I I I I I

-9 -6 -,3 0 ÷3 _6
DB

FIGURE 4-28.--Intermodulation noise for 600 one-way

channels (in loop on the simulator).

_ T [ 1-
RECEIVEDPOWER - 95 DRM
N

6(
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4C -- I J [ REV 928

I 1 I NOFRE-EM,HASIS
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157 220 315 440 630

RMS FREQUENCY DEVIATION PER CHANNEL (SATELLITE-TO-GROUND) , KC

I I l I I
-6 -3 0 +3 +6

DB

with demodulation by a classical demodula-

tor and by the frequency-compression demod-
ulator. No pre-emphasis was used. The
results obtained with the classical demodu-

lator are comparable to those seen with the
satellite, but with the frequency-compression
demodulator the intermodulation noise is

much greater. It is still possible with this
demodulator, however, to obtain a signal to

unweighted noise ratio in the worst channel
of 38 db by reducing the effective frequency
deviation per channel to about 400 kc. Under
these conditions the use of the frequency-

compression demodulator could be valuable
whenever the receiving conditions were near

7t

_z
z
b

R0

30'

FREQUENCy OF
THE MEASURED

-- CHANNEL

70 KC _1_

270 KC _'=

LOOPED

I I I
RECEIVED POWER - 85 DBM

oNOI SE TEMPERATURE 80 K

I I

1 I
LINK ON THE SATELLITE SIMULATOR (ONE CARRIER

WAVE) WITHOUT PRE-EMPHASIS

157 220 315 44(3 63G

RMS FREQUENCY DEVIATION PER CHANNEL (SATELLITE-TO-GROUND), KC

t J..... I I I

-6 -3 0 +3 +5

DB

FIGURE 4-29.--Intermodulation noise for 60 two-way

channels.
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intermodulation noise) and the S/N ratio
for thermal noise alone (dashed line). The
conditions for the measurement were aver-

age, the received power --95 dbm, and the
receiver noise temperature 35_K. It can be

seen that with an rms frequency deviation
per channel near 390 kc in the satellite-
ground direction, the signal to unweighted
noise ratio in a 4-kc pass band is 54 db in

the worst channel (psophometric noise at a
zero relative level point, 4000 pw). It is

therefore possible to transmit with excellent
quality 60 two-way telephone channels.

The same series of tests was performed
with the link looped on the simulator, which
was receiving a single carrier; the received
power was in this case --85 dbm. Under
these conditions the ratio of signal to ther-

mal noise alone is higher than in the pre-
ceding case, and the intermodulation noise
appears to be greater. With this observation
in mind, the results shown on the same Fig-
ure 4-29 are comparable to those obtained
with the link looped on the satellite. The

abnormal shape of the variations of thermal
noise alone in the window at 70 kc is due to

the presence of equipment noise at low fre-
quencies; this noise is no longer negligible
when the noise contributed by the res_ of the
link is low.

fnteil_g_ble CrossPa|k in Two-Way Telephony

Several passes of the satellite were used
for measurement of intelligible intermodu-
lation. Table 4-5 shows the results obtained

Measurement
channel

frequency
(kc)

100

2OO

40O

in collaboration, with the Andover station;
the receiver RF bandwidth was limited by a
filter of 6 or 3 Mc bandwidth. The Pleumeur-

Bodou station transmitted a pure carrier
wave at 1723.33 Mc and for the same carrier
as received measured the noise in the chan-

nels centered at 100, 200, and 400 kc, while
at the same time the Andover station trans-

mitted a pure carrierwave at 1726.67 Mc

(thermal noise alone). Then the Andover
station transmitted this same carrier modu-

lated by the center frequency (100, 200, 400
kc) of the channels measured at Pleumeur-

Bodou (thermal noise plus intermodulation

noise). The peak-to-peak frequency devia-
tion at the receiver was 500 kc, i Mc, and
2 Mc.

With a 6 Mc RF band, a significant inter-
modulation is observed which appears to

be independent of the frequency deviation
chosen and which increases by about 6 db
per octave as the frequency of the measure-
ment channel increases. (It is possible to

neglect in the total noise the portion due to
thermal noise, since the ratio of signal to
thermal noise alone is abmlt !0 db greater
than the overall S/N ratio_)

When the RF band is on_ 3 Mc, the inter-
modulation noise decreases by about 5 db,
but still remains large and independent of
the frequency devia_on_: still increases

essentially by 6 db per octave as a function
of the frequency of the measured channel.

This latter characteristic is that of a noise

generated after the first demodulation by

TABLE 4-5.--Intelligible Crosstalk Signal to Unwcightcd Noi,_e, No Pre-Emphasis
[ ,x F at receiver

6 Mc RF band

500 kc peak-to-peak

Signal to Signal to
thermal total

noise ratio noise ratio
(db) (db)

52,3 44.5

50 39

44 34

1 Mc peak-to-peak

Signal to Signal to
thermal total

noise r'Ltio noise ratio
(db) (db)

.....................

55.5 38,5

50 32

3 Me RF band

1 Mc peak-to-peak 2 Mc peak-to-peak

Signal to Signal to
thermal tot al

noise ratio noise ratio
(db) (db)

58 49.5

Signal to Signal to
thermal total

noise ratio noise ratio
(db) (db)

63.5 49.5
60 44

56 38
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the addition of white noise to the carrier

prior to final demodulation. In order to
explain the independence of intermodulation
noise from the frequency deviation of the
modulated carrier, additional measurements

would be required for lower frequency
deviations.

It should be noted the modulation of a

carrier by a sinusoidal signal does not cor-
respond to the reality of transmission of a
telephone multiplex. Measurements made by

simulating a 60-channel telephone multiplex
with white noise have shown that the quality
of the transmission was very good.

Distortions of the Televis;on $;gnal

The study of distortions in the video
channel of the television signal was per-
formed by using the standard signals rec-
ommended by the CCIR. In the audio chan-
nel measurements were made of the overall

distortion of a sinusoidal signal varying in
frequency over the entire band used (20 to
8000 cps). Finally, a study was made of the
intermodulation which could occur between
these two channels.

Distortion in the Video Channel--Linear
distortions in the video channel were meas-

ured at the frame frequency, the line fre-
quency, and high frequencies. At the frame
frequency the signal used was the CCIR
test signal No. 1, to which was added

frame sync pulses. A significant distortion
was noted in the level of the sync pulses;
this distortion, which was as high as 25
percent, was observed when the link was
looped in baseband and is generated on the
ground in the video equipment. At the line
frequency, no distortion was observed in
the CCIR test signal No. 2 when the classical

demodulator was used; when the frequency-
compression demodulator was used there was

initially a distortion as high as 20 percent
which was reduced to less than 5 percent after
adjustment of the linearity of the slope of
the demodulator. The measurement of the

rise time of this same CCIR signal No. 2,
calibrated at 166 nsec when transmitted, saw
some distortions at high frequencies. The

rise time of the reconstituted signal was as
high as 200 nsec, whether the link was
looped in baseband or on the satellite. This
corresponds to the limiting of the frequency

band used by a low-pass filter at 3 Mc.
Nonlinear distortion at average frequen-

cies was measured by means of CCIR test
signal No 3 with a 1-Mc sinusoid superim-
posed. The peak-to-peak amplitude varia-
tions of the 1-Mc sinusoid, filtered out from
the rest of the signal and observed on an

oscilloscope screen, do not exceed 5 percent;
this value is comparable to that obtained
when the link is looped in baseband. The
same test signal was used to measure non-
linear distortion of the line sync signals
when the video portion of each intermediate

line, or three lines out of four (between the
lines carrying the sawtooth signal), was set
at the black, gray, or white level. The ob-
served distortion does not exceed 10 percent.

No intermodulation of the audio channel
on the video channel was detected.

Distortion in the Video Channel--Linear

overall distortion of the sinusoidal signal of
frequency varying from 30 to 8000 cps was
measured with the loops closed at baseband,
through the simulator, and through the

satellite itself. The peak frequency devia-
tion caused by the sinusoidaI signal on the
subcarrier was 17.7 kc ; the subcarrier modu-

lated the carrier with a peak frequency devi-
ation of 1.4 Mc.

With the baseband loop the overall distor-
tion for all frequencies between 30 and 8000
cps was less than 2 percent. The results ob-
tained with the loop through the simulator

or the satellite are comparable, with the over-
all distortion never exceeding 3 percent.

Intermodulation of the video on the audio

channel was studied by measuring the peak
signal to rms noise ratio while the video
carrier was either unmodulated or modu-

lated by the various signals used for video

tests as well as by a test pattern or an actual
tape recorded television program. The re-
sults obtained with the Andover station

receiving, in loop test on the satellite, or
through the simulator are identical, indicat-
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ing that the distortions are as one would
expect to be produced in the ground equip-

ment. When no pre-emphasis is used the
deterioration of the S/N ratio is large, reach-
ing values often below 25 db rather than the

average 50 db value when the carrier is un-
modulated. With the use of a pre-emphasis

network for the video signal conformlng to
the CCIR recommendation for the 405-line

standard, the ratio is improved by about 5
db. The effect of pre-emphasis of the audio
signal is even more pronounced; in this case
the S/N ratio remains practically always
above 40 db. With pre-emphasis for both
signals the ratio is always above 45 db, and

the link can then be considered to be of good
quality.

Absolute Measurement of Propagation Time
Absolute measurement of propagation :time

was performed in loop on the sate]Iiteb_
measuring the interval of time which sep:
crates the transmission and reception of a

square pulse with a very steep leading edge
(rise time less than 1 microsecond). The

whole video frequency band is used for this
transmission ; the accuracy obtained is ± 0.2
microsecond over the round-trip time, of
± 30 meters in satellite range. It is possible

to compare the measured value with the value
derived from the satellite range as deter-
mined from the orbital data. Figure 4-30
shows the deviation between these two

values. It is seen that the agreement is good,
with the maximum deviation of 15 micro-

seconds corresponding to a range error rela-
tive to the computed range of about 5 X 10-4.

System Tests
A large portion of the Relay I passes util-

ized at Pleumeur-Bodou were devoted to

system tests or to demonstrations. During
the period 4 January to 30 November 1963,
13 passes were used for system tests or

demonstrations of telephony and 36 were
used for television system tests or demon-
strations.

SYSTEM TESTS FOR TELEPHONY

System tests of two-way telephony were

performed in both the 12-60 kc and 60-i08
kc bands. Eleven passes altogether were
used for these tests in the January-Novem-

ber 1963 period. For several of these passes
the link was actually used to re-transmit
telephonic communications between sub-

scribers in Europe and subscribers in the
United States. The link was always excellent
with respect to the contact established and
the noise in the telephone channels. The re-
sults of quality tests which took into account
the influence of propagation time and the

operation of the echo suppressors are not yet
available.

When the link is used for a telephone mul-

tiplex, one of the channels can be used for
facsimile transmission. Figure 4-31 is a
reproduction of the first facsimile transmis-
sion sent from Washington and received in

Paris via the Relay satellite. Some deforma-
tion can be seen ; it is caused by the variation
in propagation time during the transmission,
which has the effect of breaking the relative
synchronization of the facsimile transmitter
and receiver. This effect, which is tolerable
in the case shown here, is nevertheless suffi-

ciently large to be troublesome in the case of
transmission of newspaper pages or draw-
ings.

System Tests of Television

During the period 4 January to 30 Novem-
ber 1963, 36 passes were devoted to system
tests of one-way television. Eighteen of
these passes were used in the U.S.-Europe

direction and 16 in the Europe-U.S. direc-
tlon, while on two passes the:]inl_was Used_
in each direction in turn. The received pic-
tures were always of excellent quality and
were often retransmitted over the Euro-

vision network. Figures 4-32, 4-33, 4-34
and 4-35 are reproductions of pictures re-
ceived at the Pleumeur-Bodou station; Fig-
ure 4-34 was received during the first opera-
tional pass of the satellite and Figure 4-35

during a public demonstration on the occasion
of the showing in the U.S. of the famous
painting, "La Gioconda" (Mona Lisa).
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FIGURE 4-30.--Measurement of propagation time (deviation of measured value
from calculated value).

RELAY I

REV 903
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23:55

CONCLUSION

The results of acquistion and tracking tests
and of communications tests performed with
the Relay I satellite were extremely satisfac-
tory. They showed that it is possible to point
a large antenna at a moving satellite with

great accuracy, and that acquisition does not
present any special problems. The wideband
link established with the satellite is of excel-

lent quality and the transmission of a tele-
phone multiplex signal of 600 channels or a
525-line television signal was readily accom-
plished.

AUTHORS. This chapter was contributed
by L. BOURGEAT, A. DYEVRE, and J. P. HOUS-
SIN, Centre National d' Etudes des Telecom-

munications (CNET) , Issy-Ies-Moulineaux,
France.
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FIGURE 4-31.--First facsimile transmitted from Washington to Paris.

B

FIGURE 4-32. Test pattern received at Pleumeur-

Bodou from Andover pass 200.

FIC, URE 4--33. Pbture received at Pleumeur-Bodou

from Andover pass 206.
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FIGURE 4-34.--Test pattern received at Pleumeur-

Bodou during first operational pass of Relay I.

FIGURE 4-35.--Picture received at Pleumeur-Bodou
during first public demonstration.
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Chapter

The Raisting Space Cornmun canons Station

GENERAL necting the earth station with the Iong-
distance nei_work of the Federal Repubiic of

In 1961 the Deutsche Bundespost decided Germany.
to take part in the international experiments Raisting is about 10 km from the Olympia
for the transmission of communications via highway and has a railway depot (Figure

artificial satellites and in 1962 began to erect 5-3).
an _earth station near Raisting (Upper

Bavaria).
On 8 November 1963, a narrowband in- ,'EASTOFG_

stallation for 12 telephone channels (4-wire)
was already put into operation, which en-
abled theDeutschle Bundespost to participate ..........

in the experiments performed within the= =
scope of the NASA project Relay and the _(
ATT project, Telstar. The results of these
tests are compiled in Chapter 6.

By autumn, 1964, a wideband installation

will be available, allowing the transmission
of some one hundred telephone calls or One
television program over satellites of the _,_

Relay or Telstar type. _._
Selection of the site for an earth station = U

was particularly difficult because there is a

very dense radio-relay network in the Fed- ,,.,, _.

eral Republic of Germany. A site near Raist- _ ,,,,,,._ _:,,.
ing proved to be suitable since it is rather _ ,,_ -_-_
a long-way off the main radio-relay links, _,_ _-,"

and, as may be seen in Figure 5ml, the ridges "_ _-,,,_ts_ i_s_.._'".._,,,_.........::::"_
of hills surrounding the terrain on all sides : ,_ _':;_r_,
prevent interferences caused by other radio

services. Figure 5-2 shows the horizon

around the earth station. FIGURE5-1.--Topology of Raisting earth station.
There are two 2 Gc radio-relay links con-

,: 633

,=
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3

Z

8,

0
0 20 40 60 80 100 120 140 160 180 200 _"_0 240 260 2_) _00 320 340 3_

AZIMUTH IN DEGREES

FIGURE 5-2.--OpUca] horizon at Raisting.

The environs of Raisting with the outline
of the mountains defined against the sky

and the close-by lake (Ammersec) allowing
all kinds of aquatics, are a lovely place for
the residential quarters of the staff members
of the earth station.

NARROWBAND INSTALLATION

This installation was designed and con-
structed by the International Telephone and

Telegraph Federal Laboratories at Nutley,
New Jersey (USA). It consists mainly of a

radio van with one trailer for the antenna

support and another one for the heat ex-
changer. Figure 5-4 shows how the equip-
ment and the additionally required huts are
set upon the Raisting site.

Antenna

Use is made of a collapsible 9 m Casse-
grain antenna, the gain of which is about
48 db at 4 Gc and about 51 db at 6 Gc. The
beamwidth of the main lobe is at about 0.5 °

(3 db points). Immediately behind the an-
tenna there is a trunnion box which is

permanently connected with the reflector
and which transmits the elevation motion

to the antenna. The box contains, among
other things, the RF units of the 2 Gc and
6 Gc transmitters, and of the 4 Gc receiver
and the mixers (Figure 5-5).

The slewing range of the antenna covers
--2 ° to ÷92 ° in the elevation and _+ 300 °

LANDSBERG

DIESSEb

RAISTING

M I: 300000

5 10 km
I i

GROUND

FURSTENFEL D-

BRUCK •

PAS

MUNICH

WORTH-
SEE

PILSEN-
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STARNBERG

_IAUSEN

WEILHEIM
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! ¢ 1, BERLIN

q o _ P

WEST _--'_

BONN _ ..,-

FRANKFURT" .x_..r-__ f.z
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FTZ DARMSTAD:I" \ J

_^'_ GERMANY "_1

/ MUNC.EN4
( o ° _,_/
f GROUND STATION 1 /

M I: 10000000
O*,,_J 1 O0 km

FIGURE 5-3.--Location of Raisting earth station.
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SCALE 1:1000

FmVRV. 5-4.--Transportable satellite earth station

Raisting (upper Bavaria).

in the azimuth. Its maximum slewing veloc-

ity is 5 degrees per second in the elevation

and 10 degree s per second in the azimuth.
The minimum slewing velocity amounts to
0.004 de_ees per:°_d,: _ab0ut 360 de-

grees'_er day: The antenna can:s[ni :operate
at wind velocities of up to 56 km/h.

Transmitter System

Each transmitter uses a 4-cavity klystron

and supplies the antenna with a power of
10 kw. The klystrons are remotely controlled
from the radio van. The klystrons and wave-
guides at the transmitter output are cooled
by heat exchangers. The carrier baseband
12-60 kc provided for transmission purposes
is fed to the FM modulator housed in the

radio van, where it is converted into the IF-
position 71.5 Mc (center frequency). Feed-
ing to the RF box of the antenna is done

via an interconnecting cable.

Receiver System

The communication signal received from
the satellite is fed, via a frequency filter, to

an uncooled parametric amplifier which has
a gain of about 20 db and a noise figure of
about 2.5 db. The pump frequency of the
oscillator klystron in the receiver is 13.92 Gc.

The signal converted into the IF position of
65 Mc is fed via an interconnecting cable
to the receiver units housed in the radio
van. A FM demodulator with feedback is

used to improve the carrier-to-noise ratio.
A carrier baseband of 12-60 kc is available

at the demodulator output.

Antenna Pointing

Rough acquisition of the satellite is effect-
ed by manual positioning of the antenna,
using orbital data calculated beforehand.
Later on, antenna pointing is done by a
beacon receiver. The beacon signal is fed
via a 4-horn element .in the antenna to a

device effecting a separation in phase of a

sum channel and=twodifference channels for
azimuth and elevation. Filters ensure a good
selection of the azimuth and elevation chan-

nels. In the Sum _a_ne], the communication
signal is separated from the tracking signal
and fed to the communication receiver. The

separated tracking signals are fed to a 3-
channel demodulator accommodated in the
radio van.

When the antenna points to the satellite,

a phase detector, after having made a phase
comparison between the sum channel and the
difference channels, supplies a direct current
voltage proportional to the antenna pointing

error. The error signal is used to correct
the position of the antenna automatically.
Because of the Doppler effect and the fre-
quency instability, the sum channel receiver
is equipped with a device for automatic fre-

quency search and phase- lock. The receiver
input voltage is continuously indicated for

monitoring purposes.

THE WIDEBAND INSTALLATION

As mentioned b_f0re, this installation

(Figure 5-6) Will:Presumably be available
7:
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FLOURS 5-5.--Narrowband satellite earth station, Raisting, block diagram.

for transmission via communication satel-
lites by autumn, 1964.

the antenna from the effects of the common
elemental conditions.

Antenna

This installation will use a 25 m parabolic
reflector (Figure 5-7), which will be illu-
minated via a 2.5 m sub-reflector. The sub-

reflector in turn will be excited by a small
horn type parabolic antenna (Cassegrain

principle). The focal length/diameter ratio
is //D= 0.26. The rim of the reflector is

provided with a 0.5 m cylindrical shield to
increase the front-to-back ratio.

Measurements at 34.7 Gc carried out on

a scaled-down model (parabolic antenna
3 me) indicated that in the 4 Gc range the
antenna gain will be about 57 db. The meas-

ured beamwidth was 0.25 ° (3 db points).
The Slewing range of the antenna covers

_+ 380 ° in the azimuth and --1 ° to +125 °
in the elevation.

An air-supported radome, having a diam-
eter of 48.8 m and a height of 39 m, protects

TransmissionSystem

The antenna system comprises a 6 Gc
transmitter suitable for transmission tests

via Telstar type satellites. The transmission
system consists of an FM modulator, an
exciter and a power amplifier desig]md for
a maximum output of 2 kw. A water cooled

traveling wave tube is used as power am-
plifier.

Receiving System

The receiving system comprises a maser,
a low-noise amplifier and a FM receiver
with FM feedback (Figure 5-8). The maser
is cooled with liquid helium so as to obtain
a noise temperature of about 4.5 ° K. For

elevation angles exceeding 7 °, the equivalent
noise temperature of the entire receiving
system will presumably be 54 ° K.

The FM receiver has three outputs, viz.,
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FIGURE 5-_. Wideband installation at Raisting.

. L

/ \

F[GUaE 5-'/. Antenna Raisting--25 m'* Cassegrain.

one for the baseband, one for the television

picture, and one for the sound. The receiv-

ing system allows reception of signals from

Telstar and Relay type satellites. Both satel-

lites use transmission frequencies in the 4 Gc

range.

Helium Installation

Fifteen liter of liquid helium are required

for a 24-hour operation of the maser. This

demand is met by self-recovery and liquefy-

ing equipment, which is set up in the rotunda

of the antenna building. From the upper

antenna room the evaporated helium is im-

mediately returned via a flexible pipe system

to the helium treatment=r99m_ where it is

stored in a gas tank. From there the helium
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FmuP, E 5-8.--Wideband satellite earth station Raisting, block diagram.

gas is fed via a preliminary filter to the

liquefying equipment.

The installation operates fully automati-

cally so that it does not need to be attended

to at night.

Antenna Pointing

Prior to an expected satellite pass, data

points, which are stored on magnetic tapes,

are used to point the antenna to the satellite

rise point on the horizon. An electronic com-

puter (type IBM 1620/II) computes the data

points from orbital data, At the beginning,

these orbital data are supplied by NASA

in the form of topocentric Cartesian coor-
dinates.

The satellite emits beacon signals on 4080

Mc to be used for autotracking of the earth

antennas. Upon reception of the beacon

signal by the earth antenna, there is an

automatic change-over to the antenna auto-

track. Higher order modes of the 4080 Mc

signal are developed in the horn reflector

of the earth antenna. In the automatic pre-

cision tracking system these modes produce

analog error signals which indicate the satel-

lite position relative to the center of the

antenna beam. These error signals are fed

to the pointing system comprising the hy-

draulic drive system, the antenna and the

digital equipment and can be used to position
the antenna.

In order to increase the reliability, the

magnetic tape is continuously running in

support.

CENTRAL BUILDING

The central building, set up at a distance

of about 300 m from the wideband installa-

tion, houses the equipment for recording

testing, etc. In the test room there is, for

instance, a magnetic tape recorder (Ampex

FR 100 B) for recording the signals of

facsimile, telegraph and data transmission

tests. Moreover, a monitor is available for

monitoring the picture quality of facsimile
transmissions. A television standards con-

verter converting the 625-1ine standard into
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TABLE 5--1 .--List of the Equipment of the Raisting Earth Station

639

I. Parabolic antenna

I.l Driving_

1.2 Performance . _

4170 Mc .........

6390 Mc ...........

1725 Mc ..........

Transmitter

Frequency ........

Feature ............

Performance .......

3. Receiver

Frequency ............
Feature ................

Performance ........

4. Tracking system

Frequency _
Featm'e_ _ =

Narrowband installation

9 m diameter.

Angle of aperture 140 °
Distance between reflector and subreflector

...3m.

Cassegrain principle, without radome.

Used for transmission and reception.
Azimuth + 300 °, (10°/see),

Elevation -2 to -I-92 ° (5°/see)

Hydraulic drive.

Ha!f =power
width

(3 db)

0.6 °

0.39 °
1.4 °

Gain

48.4 db
51 db

41.0 db

Equivalent noise

temperature at
7.5 elevation

350 °

1725 Me.

6390 Me.

Water-cooled klystron amplifier.

l0 kw, bandwidth 1 Me.

4170 Me.

Uncooled parametric amplifier.

Noise temperature 290°K.

4080 Me.

Wideband installation

25 m diameter.

Angle of aperture 180 °.
Distance between reflector and subreflector

6.5 m.

Cassegrain principle radome 49 m° and

39 m height.

Used for transmission and reception.
Azimuth + 380 ° (2°/see)

Elevation - 1° to -1-125 ° (2°/see)

Hydraulic drive.

Half-power Gain
width

(3 db)

0.245 57.5 db
61 db

Equivalent noise

temperature at
7.5 ° elevation

54 °

6390 Me.

Water-cooled traveling wave tul)e.

2 kw, bandwidth 25 Mc.

4170 Me.
Helium cooled maser.

Noise temperature 4.50K.

: Communication antenna Monopulse mode.

4080 Me.

Communication antenna Monopulse mode.

6.

Performance:

Minimum tracking

sign'd level ........

Pointing accuracy of
the antenna _ _ _

Antenna pointing system

,_truct+ure

- 130 dbm.

0.02 °

Manual serw) system.

Mode of operation ....

AC Power supply _ 19,0 kvn
Emergency ...........

Autotracking of the an(enna.

Manual, automatic.

- 130 dhm

0.003 °

Computer IBM 1620/II Magnetic tape,

<tigital system, digital analog converter,

servo system.

Autotracking of the antenna.

Magnetic tape, automatic.

800 kva.

Battery 2X2304 Ah/10h and Diesel driven

generator set..

[
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the American 525-1ine standard and vice

versa is set up in the control room of the
central building. An RCA video recorder
allows the recording of television programs.
In addition there are German and American

test pattern generators.
Two radio relay links, FM-120/2000 and

FM 960-TV/1900, connect the Raisting earth

station with the Deutsche Bundespost long-
distance network. The FM 120/2000 link is

used for internal telephone and teleprinter
channels and for connection of 12 voice chan-
nels of the German domestic network to the

terminal equipment of the narrow-band and
wideband installations. The FM 960-TV/

1900 link connects the Rai._ting earth station
with the television network. Table 5-1 lists

the equipment at the Rai_'_ting earth station.

Power Supply

The power supply of the Raisting earth

station, accommodated in the central build-

ing, has a connecting load of 1000 kva and

is, for the time being, only designed for test

operation with a wideband and a narrow-

band installation. About 800 kva are re-

quired for the wideband installation and
about 200 kva for the narrowband installa-
tion.

The wideband installation is connected to

the 25 kv overhead power line of the Isar-
Amper electric power company. The nar-
rowband installation is at present supplied
from a 7.5 kv transformer station at Raist-

ing. Since the public power supply network
is subject to voltage fluctuations and short-
term mains failures, the power supply for
the wideband installation was designed so
as to attain a test service as free of failures

as possible. To this end, a battery has been
provided having a capacity of 2 X 2304
Ah/10h and in the case of a main power

failure, allowing trouble-free operation for
about 1 hour. In addition, there are three
rotary converters, converting the dc voltage
of the battery into ac voltage.

AUTHORS. This chapter wr_s contributed
by pcrs:orzncl o/ the De,creche E_despost,
Darmstadt, G'erma_?y, _der the orcrall di-
rcctio_ of E. DIETRICH, DBP.
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Chapter 6

Results of Tests Performed With Relay I
at the Raisting Space Communications Station

INTRODUCTION

In 1963 a narrowband installation with

9 m parabolic Cassegrain antenna was set

up at the Raisting earth station.
The station was expected to be ready for

operation by 1 October 1963. However, a

faulty 10 kw klystron caused some delay.

Therefore, only monitoring experiments
were carried out during the first days.

Upon replacement of the tube on 23 Octo-

ber 1963, COMGEB was also able to transmit
on i.7 kMc. Table 6±1 shows the test pro-
gram carried out via Relay I:

+)__.

Table 6-2 shows the azimuth, elevation,
loop angle and slant range from_COM_

earth station to Relay I at the beginning
and end of the experiments.

Deviation of Angle Readouts
Table 6-3 shows typical deviations of angle

readouts from predicted pointing data sup-
plied by Goddard Space Flight Center,
NASA.

Test Results

The test duration per revolution of the
experiment between COMGEB and COM-

TABLE 6-1, Test Program

Rev

2403

2411

2418

2426

2443

2449

2496

2558

2563

2567

2589
[ 26i4

2628

2629

_055
3094

Test period

63Y 10M 18D

10M 19D

10M 20D

10M 21D

19M 23D

10M 24D

10M 30D

llM 7D

llM 8D

IIM 8D

llM lID

IlM 14D

IlM 16D

IIM 16D

64Y 1M 10D

1M 15D

*COMGEB monitored only.

(GMT)

1542-1559

1342-1403

1408-1420

1920 1938

1310-1325

1420-1445

1353-1358

1415-1440

1739-1801

1320-1330

1857-1903

1330-1345

1650-1710

I030-1049

1033 1048

Content

Test 352

Test 221,231

Test 321

Test 221,231

Test 351,321

Test 221,241

Test 22I, 231

Test 321

Test 254

Test 321

Test 221,231

.....................

Test. 231

"COMGEB received only.

: 641

Circuit

COMNUT-COMHIL*

Satellite not available

COMAND-COMGEB t

CO M NUT-CO MRIO *

COMNUT-COMGEB

COMNUT-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

Loop for COMNUT

COMNUT-COMGFB

COMNUT-COMTE L*

COMAND-COMHIL

_;COMGEB tracked only.

:. 51 ....

=
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TABLE 6-2.--Position of Relay I During the Experiments

Rev

2403

2411

2418

2426

2443

2449

2496

2558

2566

2567

2589

2614

2628

2629

3055

3O94

AZ

(deg)

Beg

268

246

256

258

EL Range Loop angle

(deg) (km) (deg)

Beg i End Beg End Beg End

2 17 55 9705 5426 ................

__t ................ I ........ I ........ I ........ I ........

5 25 58 9400 6300 ...............

2 i 14 12000 10500 ...............

___1 .............. l ........ i ........ i ...... I ........

18 37 10346 8405 .................

273 5

279 4

285 8

301 3

280 7

28O 3

287 2

302 9

275 9

293 5

17 56 10030 5906 .................

50 65 6660 5726 129 137

16 54 10287 5112 103 134

5 26 9644 5794 114 119

38 57 8081 6411 118 132

5 5 7525 6717 113 105

22 45 9602 .i 7127 110 127

7 24 9921 6294 115 118

18 13 10094 9244 102 87

6 8 11624 11081 101 96

*COMGEB monitored only, tCOMGEB received only.

NUT or COMAND was in general 15 to 20
minutes. The following narrowband tests
were conducted :

221 Insertion gain stability

TABLE 6--3.--Rela

NASA pointing data

AZXX ELXX

27260 1831
27118 1840
26973 1847
26827 1850
26679 1851

26529 1847
26378 1841
26226 1831

26071 1817
25916 1800
25759 1779
25601 1754
25442 1725
25282 1693
25120 1657
24958 1617
24795 1573
24632 1524
24467 1472
24302 1416
24137 1356

I--Revolution 8055

Deviation (deg)

AZ

--0.I0
-- 0.08
-- 0.08
-- 0.09

+ 0.06
--0.06

+0.07
-0.06

+0.06
-0.07
--0.09
-0.09
+0.07
--0.10
--0.08
+O.08
-0.09
- 0.09

+0.O8
--0.12

-0.10

EL

--0.03

+0,02
--003
-- 0.03
-- 0.02
+0.03
+0.O4
-- 0.04
--0.03
--0.05
+ 0.02
-0.04
-0.05

+0.04
--0.05
- 0.07
-- 0.08

+ 0.05
-- 0.05
-0.06
-0,05

Circuit

COMNUT-COMHIL*

SATELLITE not available

COMAND-COMGEB

COMNUT-COMRIO*

COMNUT-COMGEB

COM NUT-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

Loop for COMNUT

COMNUT-COMGEB

COMNUT-COMTEL*

COMAND-COMHIL

$COMGEB tracked only.

231 Continuous random noise

241 Amplitude-frequency characteristic-
baseband

254 Intelligible crosstalk
321 Two-way telephony
351 Teletype transmission
352 Facsimile transmission
The experiments performed are shown in

Table 6-4.

Insertion Gain Stability (221)

The tests were made to determine system

insertion gain and gain stability for sev-

eral telephone channels. The results of the
measurements made on channels 1, 6 and
12 are indicated in Table 6-5.

Continuous Random Noise (231)

The purpose of this test was to determine
the ratio of rms signal power to rms noise
power existing in the telephone channels.
In this case, too, measurements were made

on channels 1, 6, and 12 (See Table 6-6).

Amplitude-Frequency Characteristic--
Baseband (241)

The experiments were made to determine
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TABLE 6-4.--N arrowband -Tests Conducted at CO M GE B

Rev

2403

2411

2418

_26

2443

2449

2498
2558

2566

2567

2589

2614

2628

2629

3055

3094

Experimental item

221

X X

X X

X ....

X X

231 241 254 321 351

X

X .........

X X ....

X ...................

........ X .........

.............. X ..............

X ........

X X

.............. X ..............

*COMGEB monitored only.

"fCOMGEB received only.

$COMGEB tracked only.

Circuit

352

COMNUT-COMHIL*

COMAND-COMGEBf

COMNUT-COMRIO*

COMNUT-COMGEB

COMNUT-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

Loop for COMNUT

COMNUT-COMGEB

COMNUT-COMTEL*

COMAND-COMHIL_

TABLE 6-5.--Insertion Gain Stability Tests

aev

2418

2443

2496

2558

2614

221

Gain Variation

-}-4.8 ............

+0.5 ............

--0.4 ............

--OA ............

........................

Circuit

COMAND-COMGEB

COMNUT-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

TABLE 6-6.--I_ndom Noise Measuremenl

231

Orbit

2418

2443

2588

2614

Signal-to-noise ratio average (rib)

40

34

37

36

Circuit

COMAND-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNU_COMGEB

the useful system baseband. The measured: :

643

_: =_i_= !_teli=igibleCrosstalk (254)_

On orbit 2567, a 1726 Mc modulated signal
with 100 kc was transmitted for COMNUT.

The signal deviation was 100 kc peak to
peak. A signal from COMNUT could not
be measured due to receiver problems. The

same happened on orbit 2629.

Two-Way Telephony (321)

The COMNUT-COMRIO two-way teleph-
ony test was monitored on orbit 2426.
Voice on channels 3, 4, and 12 was recorded
on tape from both receivers (communica-
tions monitor receivers). The voice quality

was good. Spin modulation was found to
exist on the channels transmitted from
COMNUT.

During orbit 2449 (COMNUT-COMGEB)
the first talk was made with COMNUT on

channels 2, 4, and 5. The quality of channel
4 was good. Echos were heard on channels
2 and 5.

On orbit 2566 (COMAND-COMGEB) a

two-way telephone conversation took place
between Mr. Webb (Administrator of
NASA) and Mr. Stficklen (Bundesminister
ftir das Post- und Fernmeldewesen) on chan-
nel 2. Voice quality was not good due to
noise on this channel. An attempt was made

to swit_h_ve_ tochannel 121 but there the
same nSise was also present. However, voice
quality on channel 4 was good.

On orbit 2589 (COMAND-COMGEB) a
two-way telephone demonstration was made
by the German Press Agency DPA. Channels
2 and 12 were used for this purpose. Voice
quality on channel 2 was good, but on chan-
nel 12 it was insufficient due to noise.

characteristic is shown_ in Table _6_7. The Teletype Transmission (351)

measuring set was connected to the baseband The purpose of this test was an evaluation

output jac k of the communication receiver, of the quality of telegraph transmission via

TABLE 6-7.--Orbit _96 COMNUT-COMGEB

Frequency (kc)

Level (db)

50 60 70

-10 -10.4 --10.1

8O

-9.9

100 120

--10.4 -9.8

:--::
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satellites. This transmission was performed

on Relay I revolution 2449.
A FMVFT system (FM 120-24 channels)

was used for transmission. A tape recorder
Ampex FR-100 B was to receive the same
signal which was looped through COMNUT.
The COMGEB station was connected by
means of a land and microwave line to the

FMVFT equipment at Frankfurt/Main.
The results of this experiment are shown

in Table 6-8.

Facsimile Transmission

This test was made to compare the per-
formance of medium speed facsimile using

the satellite with that of other existing
media.

The transmission on Relay I orbit 2403
was performed when the COMNUT-COM-
HIL pass was monitored. The received sig-
nal was fed to Frankfurt/Main and recorded

_6_ _._ _._' o*'_'_ _ _--_._,_¢,_ _* _." _L*_ a,t_,._t_a-: _- ; :_-..!_

Fictnm 6-1.--Facsimile picture.

on an Ampex FR-100 B tape recorder. Fig-
ure 6-1 shows the received picture.

Due to late acquisition (this was the very
first pass) only the second half of the picture
was received. A channel reversal in the

demux equipment caused the black and white
frequencies to be also reversed. Thus the

received picture was negative. During the
recording, one interruption occurred when
COMGEB lost track for 20 seconds.

Technical details were:

Index of cooperation: 352
Drum speed: 60 rpm
Landline signal: FM 800 _+ 400 cps

Received Signal Power

The receiver AGC voltage was recorded
during alI passes. Table 6-9 shows the re-
ceived signal strength at the beginning, in
the middle and at the end of each pass:

Noise Temperature

The noise figure of the receiver system
was measured prior to and after each pass
with the antenna pointing at 45 ° elevation.

The noise temperature referred to a 3-Mc
bandwidth was calculated. Some meteor-

ological conditions were also considered. All
the data are shown in Table 6-10.

The participation of COMGEB in Relay I
experiments was limited to 6 weeks duration.
In addition to the test results, valuable oper-

TABLE 6-8.--Evaluation of Teletype Transmission

FMVFT Loop through Loop through Loop through
Channel Signal syst. loop ampex FRI00B COMGEB COMNUT

Isochr. distortion

Ref. distortion*

8

10

13

14

18

19

22

2:2

Text

1020 eps

CCITT test chart

1500 eps

Text

CCITT test chart

CCITT test chart

80-baud signals

2:2

l

-4/+1

1021.9

1

1503.2

-5/+2
4

2

I0

!

1

-4/+3
1021.9

-1022.2

2

1503.2

-1503.3

-61+4

5

3

14

2

l

-4/+3

1021.9

-1022.2

2

1503.2

-1503.3

-6/+3

5

3

13

1

8

-18/+20

1022.6

-1022.7

16

1503.1

--1504.1

-25/+25

2O

18

5O

14

lsbch r. distortion

Ref. distortion*

Isochr. distortion

Isochr. distortion

Isochr. distortion

Isochr. distortion

1. Figure=early reference distortion. 2. Figure =late reference distortion.
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ating experience was gained, which is one

of the basic requirements for future opera-
tions.

AUTHORS. This chapter was contributed

by personnel of the Deutsche Bundespost,

Darmstadt, Germany, under the overall di-

rection of E. DIETRICH, DBP.

TABLE 6-9.--Received Signal Strength

Orbit

24O3

2411

2418

2426

2443
2449

2496

2558

2566

2567

2589

2614

2628

2629

3O55

3094

Received signal power (dbm)

I

__ Begin t Midd'e End

I
--too I -1°8 t -102"-
-lO7 I -lO5 t -lO6
-105 I -102 ] -100
-106 I -103 ] -lO3
--104 ] I04 t --102

--107 I -107 I -105

-lO3 I -1°5 I -1°5
-1o5 I -lO4 I -1o4

Circuit

COMNUT-COMII I L *

COMNUT-COMRIO*

COMNUT-COMGEB

COMNUT-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

COMAND-COMGEB

COMNUT-COMGEB

Loop for COMNUT
COMNUT-COMGEB

COMNUT-COMTEL*

COMAND-COMHIL_

*COMGEB monitored only.

_COMGEB received only.

_COMGEB tracked only.

TABLE 6-10.--Noise Compensation of Receiver System

Noise temp (°k)

Orbit EL ffi60 °
AZ =0 °

2403 490

2411 500

2418 510

2426 500

2443 500

2449 500

2496 470

2558 530

2566 500

2567 500

2589 470

2614 465

2628 510

2629 510

3055 410

3094 460

Meteorolo ical conditions

Precipi-
tation

rate

0

0

0

0
0

0

0

0

0

0

0

0

15mm/day

15ram/day

Temp.
(°F)

44

46

5O

45
48

46

44

54

59

46

59

36

4I

35

2O

24

Humidity I

] Measuring

, equipment

not yet

available

Wind

velocity
(m/see)

L.
E
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_ b6- Chapter 7

L
+ __ _ .... -- ......

Description and Results of Tests Performed
+ 7 - + --- +

.... _ .....at Fucino Earth Station with Relay I

__
-- ----= ........... - r-_

+

...... _NTRODUCfl!ON._ Manufacturing of the telecommunication
The Italian earth station, owned by Tele- -- ..... --, . ................. equipment started in March 1962 and the

spazto, is located in the Fueino Valley, about work on s_te begafi]n early June of-the--same
135 kin. east of Rome (8Ost_e miles), year. The station (Figure 7-2) wa--s-c0m-

Geographical coordinates are: pleted at the end of November for the re-
Latitude 41 ° 58' 40.55" North

Longitude 13 ° 36' 04.21" East
Altitude above mean sealevel 650 m.

The site is surrounded by mountains, the
maximum elevation angle of which is less
than 6 °. Figure 7-1 shows the portion of
the optical horizon around the station.

10"

celving side and has been able to partici-

pate in many experiments performed with
Relay I.

During 1963, 160 communication experi-
ments were carried out, as shown in Table

7-1. Other experiments have since been
conducted.

5 a

I I I I I I I I I I l I I i !
216 ° 225 ° 234* 243 ° 252 ° 261" 270* 279* 288* 297 ° 306 ° 315" 324 ° 333* 342* 351" 360*

AZIMUTH SCALE I a =2 mm.

ZENITH SCALE jo =I cm.

FIatlag 7-1.--0ptical horizon, Fucino earth station.
....... _: 7 + :+?_: _ +: +

: 647
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FIGURE 7-2.--General view of Telespazio station.

TABLE 7-1 ,--Relay I Experiments Performed During 1963

Total

Wldeband TV tests

....Iden ..... trations N_a .... 'ban(1

ments I ments merits .

160 ] 3174

DESCRIPTION OF THE EARTH STATION

Communication and tracking facilities
with their main characteristics are listed
below.

The station is equipped with fully steer-
able 30 ft parabolic dish, with a Cassegrain-

ian sub-reflector, a four port horn feed as-
sembly for 4 kMc band used both for 4 kMc
beacon auto-track and communication re-
ceiver.

The communication receiver consists of a

two stage parametric RF amplifier, the first
stage being liquid nitrogen cooled.

The incoming signals are converted to 70

Mc and the IF amplifier is followed by either
of two FMFB demodulators, for wideband

and narrowband experiments respectively.
The tracking receiver is an amplitude sens-

ing monopulse type. The initial acquisition
is achieved by manually pointing the antenna

on the predicted position of the satellite,
according to the ephemerides received from
NASA.

When the 4 kMc beacon is acquired by the
tracking equipment, the servosystem is
switched on autotrack mode. The station is

also equipped with instrumentation and test
equipment. Figure 7-3 is a block diagram
of receiving system.

EQUIPMENT PERFORMANCE

Antenna

Gain at 4170 Mc ............. 48.7 _+ 0.5 db

Half power beamwidth .............. 0.55
Side lobes ................. --19.7 db min.

Parametric Amplifiers
Overall gain ..................... 28.5 db

Bandwidth (3 db point) ............ 25 Mc
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G=t5 _ G=13.5

Gt I- c[ oR R_T_

. ] I"ESTASSE//_I.Y __ 70

L_

FIGURE 7-3. Communications receiver system.

Noise bandwidth .................. 26 Mc

System Noise Temperature

(Measured with antenna pointed at zenith in

normal weather conditions)
Receiver .110 ° K

Hybrids, waveguides,

rotary joint, diplexer ............. 60 ° K

Sky temp. radome, spillover ......... 50 ° K

Overall system noise temperature...220 ° K

A minimum value of 195 ° K has been
measured. The maximum value is approxi-

mately 250 ° K, 260 ° K having been meas-

ured in two passes. It is possible that a
contribution to the measured variations of

about 20 ° K is due to weather conditions,

the remaining variation being attributable

to the instability of the parametric amplifier.

' Wideband Threshold

The actual threshold occurs when the car-

rier-noise power ratio is equal t() 18 db in

1 Mc bandwidth. In these conditions the

received power is about --97.5 dbm and the

weighted video S/N ratio is about 39 db.

Narrowband Threshold

It occurs When the carrier to noise ratio

equals 6.75 db for the group A (12-60 kc)

and 10 db for the group B (60-108 kc) in
1 Mc bandwidth. Under these conditions the

received power is, for group A, --i08:5: dbm

and the S/N ratio on the highest channel
is about 35 db.

Using the CCIR emphasis and ps0phomet-

rically weighting the noise, this ratio is

about 41 db, which corresponds to a 80,000

pw noise in every channel.
For group B and S/N ratio in the highest

channel at the threshold is about 44.0 db;

using the CCIR emphasis psophometrically

weighting the noise, this ratio becomes 50

db and the relative noise 10,000 pw.
The above values have been calculated

theoretically, but a very good approxima-
tion to the same value has been found with

the actual tests.

Tracking Thresllold

The overall noise figure is about 9 db for

the sum, azimuth and elevation channels.
The minimum S/N ratio for acquisition is
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about 10 db, which corresponds to a thresh-

old power of --129 dbm.

ANALYSIS OF RESULTS

Received Carrier Power

Figure 7-4 shows some values of the re-

ceived carrier power referred to the theo-

retical levels, corresponding to a satellite

transmitting antenna gain of 0 db. Each

-5

-6

-7

-8

-9

-10

EXPECTEDCARRIE_LEVEL[THEORETICAL)

AVERAGEVALUE

•°

FIGURE 7-4.--Differences between theoretical and
measured carrier power.

dot represents a measurement.
The measured power level differs from the

expected one as far as --8 db. The average
value is about --4 db. These differences may

be partially attributed to errors in the power

test system, particularly for low signal levels,

to the spacecraft look-angle and to imper-

fect steering of the antenna.
It has been also observed that, at low ele-

vation angles, the difference between theo-

retical and measured value is generally

greater than the same difference for high

elevation angles (about 1 db average). This

fact is likely due to multipath propagation

losses.

These discrepancies have been carefully

investigated. The present conclusions are

that a major loss other than the expected one

(0.15 db) is due to the small styrofoam resin
radome over the feed assembly• It was also

recently discovered that the misalignment of
the sub-reflector from the original position

was due to deformation of the tripod spars

and also to imperfect mounting of the sub-

reflector.

SATELLITE RELAY !

I

ORBIT 361 ORBIT 37o

TRACKING

RECEIVER
dbm

-- -127 --

-- -126 --

-- -125--

-- -124 --

---123 --

ILLLIIltl
dbm

-- -102 --

-- -101--

-- -100---- -99 --

---98-

COMMUNICATION
RECEIVER

2 SEC 0

Ill[Lilt111LIL

2 SEC

FIGURE 7-5.--AGC recording.
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The maximumbbserved= spin modulation

was about 3 db, as seen in Figure 7-5, where
the diagrams of the AGC levels versus time

are represented for two passes.

Narrowbancl Experiments

1. Bas(6and_Character_stics,The meas-

urements were _con_tuc-ted during pass]9i,=

864 and: 865. =For Group:A tl_e obtained re'

suits are listed in Table 7-2 and plotted in

Figure 7-6. .........

' RELAY I

SATELLITELOOP

.... PASS 191

0 ......... ------ PASS 865
........................................................ .. • -- IF LOOP

-5- "ii

-'° i!
!I

I0 _ = I00 IOC_

FmURE 7-6.--Narrowband--group A, baseband
characteristics.

TABLE 7-2.--Results of Baseband Characteristic
Measurements

Frequency ke

10

20

40

8O

160

25O

350

Pass lgl

0

0

0

0

--2.5

n _nl.

n .m.

Relative level (db)

Pass 864

0

--0.6

--0.6

--0.6

--3.5

-- 15.2

-- 26

Pass 865

0

0

0

+0.4

--2.2

--16

n.rn.

2. Continuous Random Noise--Some typi-
cal results of the channel i2 noise test for

different values of the received carrier power

651

are shown in Table 7-3. The values given

are the actual received levels; the results are

generally in good agreement with the ex-

pected values.

TABLE 7-3.--Noise Test Results

Received carrier

power dbm

: --107

--105

-- 104.5

--104

--104

-- 104

-- 103

-- 103

-- 101

-- 101

-- 90

Psophometric noise (pw)

Expected Measured

50,000 70,000

40,000 55,(X)0

35,000 80,000

30,000 28,000

30,000 40,000

30,000 44,000

23,000 31,000

23,000 38,000

15,000 30,000

15,000 18,000

9,000 14,000

Pass

number

757

585

772

734

865

881

275

881

275

864

2550

3. IntermoduIation Noise

(a) Noise Loading--For this test pass

864 was considered because the carrier pow-

er received from Nutley was almost constant.

The noise loading measured on channel 12

is 10 dbm0, which corresponds to the

normal loading of speech.
The thermal noise on the same channel

was measured 18,000 pw psoph. The total

unweighted noise (thermal -t- intermodula-
tion) with noise loading introduced on the

other channels was 45.5 dbm0, that is

about 16,000 pw psoph. Taking into account
the :measurement accuracy, we may conclude

that the intermodulation noise is insignif-
icant.

(b) Harmonic Performance--The re-

sults of three passes (864, 896, 1066) are
shown in Table 7-4. The two modulation

tones are 22 and 37 kc, with different modu-

lation factors. The considered intermodula-

tion and harmonic products are 15 and 44 kc.

TAnLE 7-4.--Harmonic Performance

Tones

22 ke

37 kc

15 kc

44 kc

Pass 1066

-- 2,5 dbmO

-2 dbmO

< - 50 dbmO

<- 50 dbmO

Pass 864

+4.2 dbmO

+ 5 dbmO

- 46 dbmO

- 42 dmbO

Pass896

+ 6 dbmO

+ 5 dbmO

--45 dbmO

-43 dbmO
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For the pass 416 we obtained the following
results :

Modulation tones: fl ----15 kc, f2 = 20 kc

Nominal peak deviation: 200 kc corre-
sponding to +4 dbm0

Harmonic and intermodulation products:

f2- f, = 5 kc ......... --45.1 dbm0
2 fl ---- 30 kc ........ --42.3 dbm0

fl + f2 ---- 35 kc ........ --46.2 dbm0
2 f2 = 40 kc ........ --47.2 dbm0

In the pass 587 we have measured
Modulation tones: f, ----17 kc f2 ----21 kc
Rms deviations: + 0.2 db + 5.5 db

respect to 88.8 kc
Harmonic and intermodulation products:

f2--f, = 4kc .......... --51 dbm0
2 f, = 34 kc .......... --43 dbm0
2 f2 ---- 42 kc .......... --51 dbm0

We may conclude that the harmonic dis-
tortion is less than 1 percent (40 db) also
for modulation factor of 200 percent (6 db).

4. Insertion Gain--This test is typical of

the loop configuration, in which the earth
station itself checks the transmitted and re-

ceived signal levels.
Considering that the Fucino Station is not

equipped with the transmitter, this test is
not very significant. However, the results
have been fairly good, as shown in Table 7-5

5. Narrow Band Demonstrations--A voice

message from Dr. Dryden of NASA was re-
ceived in a very high quality circuit on pass

275 (18 Jan. 1963). On the same pass a
TTY message of about 1000 words was re-
ceived without errors. The reception of

facsimile pictures was very successful. The

photograph of President Kennedy, repro-
duced in Figure 7-7 was received on pass
757.

A good result was also obtained in restor-
ing colors with the three superimposed pic-

tures of Bridge Giovanni da Verrazzano,
received on pass 997 (21 April 1963).

Several other narrowband tests were per-

formed very satisfactorily.

Wideband Experiments

1. Wideband Technical Tests--Although
the Fucino Earth Station is not designed for

wide band operation, TV test signals and
demonstrations were received. As a matter

of fact, when the Relay I Satellite was used
for the first time on January 4th in a com-
munication experiment, Fucino earth station

monitored pass 169, and received on its
monitor the first picture transmitted from
Andover.

Only in some cases, under particularly fa-
vorable conditions, was reception above the

TAm,E 7-5.--Insertion Gain Test Results

Measured level -(dbm)

Channel

1
2

3

4

5

6

7

8

9

I0

II
12

R(_V.

416

-0.6

+0.9
+0.4

-0.1

+0.3

+0.2

+0.2

+1.2

+0.2
-0.1

0

Rev.

750

0

0

+1.5

-0.5

+1.5

+1.5

+1.0

+1.0

+1.0

+O.3

+0.3
+0.5

I
Rev. Rev.
757 t 772

--o--7oS-
-0.2 I 0

+1.0 +1.5
n.m, _ +1.0

+1.1 +1.8

+1.2 +1.8

+1.1 +l.2

+0.8 +1.8
+1.1 +1.3

+0.2 +1.3

+0.2 +0.6
+0.3 +0.8

Rev. Rev.

825 826

-0.4 0

+0.4 +1.1
+0,7 +1.1

+1.3 +1.7

+1.3 +1.7

+1.4 +1.8

0 +1.5
+0.8 +I.0

+0.5 +0.9
+0.6 +0.8

+1.2 +1.7

Rcv.

897

0

0

+1.0
+1.0
+1.2

+1.8

+1.0
+1.0
+1.8
+0.5

+0.3

+O.5

Rev.

2550

+0.3

+1.0
+1.3

+0.5

-0.4
-0.5

-0.35
-0.6

-0.6

+0.5

+0.9
+0.9

Rev. I Rev.

_229 __y°2_
0 -1.0

-1.0 I +0.2

+1.0 -O.5

+1.0 -0.3

+0.2 0

+0.9 +0.1
0 -0.4

0 +0.8

+0.2 +0.8
0 +1.3

+0.1 +0.5

+O.2 +1.1

Rev.

value

--0.17

--0.07

+0.92

+0.54

+0.83

+ 1.01

+0.70

+0.65
+0.86

+0.57

+0.42

+0.72
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FIGURE 7-7.--Relay I revolution 757, 21 March 1963.
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threshold; however, it was also possible to

get some interesting results when the signal

was near or slightly below the threshold.

Figure 7-8 shows the curve of the video

weighted S/N ratio measured during three

passes (316, 330, 338) with the received car-

rier power below the threshold. The slope
of this characteristic is about 2.5 db/dbm.

40

.a

-105

?J A PASS 3T6

• PASS 330

i PASS 338

LOPE = 2.5 _o/dbm

I !

-l_O -95

THRESHOLD

-90 dbm

FIGURE 7-8.--Weighted video noise vs. received
carrier power.

Some interesting comparison tests were
conducted with the FMFB video demodu-

lator and a phase-lock FM demodulator

loaned by NASA.

It was observed that the phase-Iock de-

modulator $ives an improvement of 5-6 db

with respect to a standard demodulator. In

this way it is possible to get an acceptable

FIGURE 7-9.--Relay I revolution 330, video signal
received on 25 January 1963.

picture even if the C/N ratio is only 2 db

(i.e., for C/N--17 db in 1 Mc bandwidth),

especially if the video signal has no sharp

edges in its waveform. In Figure 7-9 a com-

parison between the two modulators is

shown. The upper waveform represents the

signal coming out of the FMFB demodulator,

and the lower, from the phase-lock demodu-

lator. This last signal is less noisy but it is

affected by losses of lock in correspondence

of sharp variations.

In order to facilitate the picture synchron-

ization a sync restorer was developed. The

sync restorer reforms and reinserts the sync

pulses on incoming video signals affected by
noise. The effects of this device are shown

in Figure 7-10.

2. Wideband Demonstrations- Many TV

demonstrations have been received: some of

them have been relayed by means of a mobile
microwave link to RAI's studios in Rome

where they have been converted to 625/50
TV standard and broadcast on italian tele:

vision network or recorded on magnetic tape,

A picture received from Andover on pass

285 (19 January 1963) is shown in Figure
7-11.
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FIGURE 7-11.--Relay I revolution 285---
19 January 1963.

655

i

FIGURE 7-10.--Relay I revolution 285, 19 January

1963. Video signals without restoration of sync

pulses.

FIGURE 7-i2.--Relay I revolution 1189--

15 May 1963.

The photo presented in Figure 7-12 was

taken during pass 1189 (orbital flight of

Mr. Cooper, 15 May 1963).

AUTHORS. This chapter was contributed

by personnel of Telespazio, Rome, Italy, un-

der the overall direction of P. FANTI, Teles-

pazio.
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The KDD SpaceCommunications Station -
-- ---- __ -°-2 2_Y....

GENERAL DESCRIPTION " were partly completed at the end of Tune

1963. The-first-serie-s of trac_ tests were
In view Of the fact that space communi-

cation is one of the most useful systems
enabling us to handle the international com-

munication, Kokusai Denshin Denwa Co.,
Ltd. (Japan's Overseas Radio and Cable Sys-
tem) began in 1961t_he preparation of its

earth station to promote the study thereof.
Th_e_site of. the station was Sefeeied-Tn Juo_- __

maehi, Taga-gun, Ibaraki-ken, Japan, which

is 150 km north-northeastfrom_To_Ty0.
It is enclosed by a mountainous region on

the west side so that mutual interference
between the station and domestic microwave

relay stations can be avoided. It is opened
to the Pacific Ocean in the east side. The
location is outside of normal airline routes

as seen in Figure 8 1 and is also in a good
weather area free from snowfall.

Figure 8-2 shows an airview of the KDD

Earth Station (COMIBA) at the final stage
of construction. There are two radomes

separated by 260 m. The big radome con-
tains communication facilities including a
20-m diameter Cassegrain antenna, and the
small one contains tracking facilities having
a 6-m diameter parabola antenna. Between
them is a control building in which a control

device and terminal equipment are provided.
Two sets of simulators and a collimation

tower are installed on the top of a mountain
called Mt. Sekison in the southwest of the

station as seen in Figure 8-3.

The tracking equipment and control device

657

successfully carried out in July 1963 by re-

4Gc)-- 6 Gc IN OPERATION

ROUTE OF AIRPLANE

0 25 KM 50 KM

I - 1,000,000

FIGURE 8-1.--Location of KDD earth station showing
nearby airline routes.

= - _iL-:__-_ --- .......
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658 RELAY I--PART III

FmURE 8-2.--Aerial view of KDD earth station.

80 120 1_ 200 240 280 320 360

AZIMUTH IN DEG_EES

FIGURE 8-3.--Optical horizon.

ceiving a beacon signal emitted from a com-

munication satellite, Telstar II, with the

Andover earth station commanding the satel-

lite. After the full completion of wideband

receiving facilities, the first TV transmission
over the Pacific Ocean was conducted from

Mojave test station of NASA to KDD earth

station on November 23, 1963 by using com-

munication satellite Relay I. Technical tests

were carried out ten more times between the

station and Mojave and Andover station via

Relay I and Relay II.
In addition to a transmitter for Telstar

which was installed in November 1963, a

transmitter for Relay was also completed on

March 20, 1964.
A microwave link on 11 Gc for TV trans-

mission and cables for telephone communi-

cation are to be provided between the station

and the existing networks connecting to

Tokyo central communication offices.

Details of principal communication facil-

ities of the station are given in the follow-

ing sections.

ANTENNA SYSTEM

A 20-m diameter, azimuth-elevation mount-

ed Cassegrain (parabolic-hyperbolic) anten-
na is used in common for both transmission
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and reception. A dipIexer and. filters are

employed to separate transmitting and re-

ceiving frequencies. This antenna is driven

with hydraulic motors and is positioned by

slaving to the steering controller or by man-

ual controlling. Both azimuth and elevation

angles are displayed in digital form. Two

horn projectors, which are mutually inter-
changeable, are provided corresponding to
the projects, i.e., Relay and Telstar.

The whole structure is covered with a 302m

diameter single-walled soft radome to keep

the high pointing accuracy in any weather

condition;

Details are given as follows:
:= .... -: 2::

1. Reflectors

(a) Main dish: Paraboloidl 20 m in

diameter, 135 ° in aperture ahgle,: 3 mm

(rms) in surface accuracy.

(b) Subreflector: Hyperbol0id: 2 m in
diameter.

2. Feeding system

(a) Bandwidth: 25 Mc approximately

for 4,170 Mc and 6,390 Mc, 16 M c for
1,725 Mc.

(b) Isolation of transmitting f_equeney

at the receiver terminal: 120 db approx-
imately.

:(c) Polarization: Righthand Circular

for transmission, lefthand circular for re-
ception. _ .......

(d) VSWR: 1.05 at 6,390 Mc, 1.14 at

4,170 Mc and 1,725 Mc.

(e) Total loss: 0.5 db at 6,390 Mc, 0.55

db at 4,170 Mc, 0.3 db at 1,725Mc.

3. Performance characteristics

(a) Gain: 58 db at 6,000 Mc, 55 db at
4,000 Mc, 47 db at 1,725 Mc.

(b) Front-to-back ratio: More than 60

db at all frequencies.

(c) Noise temperature: 58 ° K on

4,170 Mc to the zenithal angle with
radome.

4. Operating rate

(a) Maximum velocity: 3°/sec (azi-

muth), l*/sec (elevation),

(b) Maximum acceleration: 3°/sec 2

(azimuth), l*/sec 2 (elevation).

5. Radome

(a) Form: Composed of 3/4 parts of

a sphere 30 m in diameter, at the ground-
: work.

(b) Structure: Single-walled, made of

Vinylon (synthetic fabric) coated with

Neoprene (synthetic rubber).

(c) Loss: 0.2 db at 4,170 Mc, 0.3 db
at 6,390 Mc (8* to 16 ° K with angle of

elevation on 4,170 Mc.)

(d) Wind load: Endurable under 60

m/sec in instantaneous wind velocity.

(The first radome was split by wind of

26 m/sec, on January 20, 1964. The sec-
ond one is being redesigned.)

TRANSMITTING EaUiPMENT r ::::_

This equipment is for transmitting a high-

power frequency-modulated signal at either

one of the two frequencies, 6,390 Mc and

1,725 Mc. In order to minimize losses in the

feeding system, the main parts of the equip-

merit, tWo Power amplifiers and a common

modulator, are installed in a room on the

antenna mount which Can rotate in the azi-

muth plane along with _ the antenna. Two
power supplies for the Power amplifiers are
located on the floor in the antenna tower

and are led to the respect!ye amplifiers
through flexible cables.

Details of characteristics are given as fol-
lows :

1. Bandwidth: 25 Mc (1 db down) for

6,390 Mc, 16 Mc (1 db down) for 1,725 Mc.

2. Frequency stability: 1 X 10 _.
3. Modulation: FM of __10MC in devia-

tion, a baseband up to 7.5 Mc with pre-em-

phasis, 5% in differential nonlinearity.

4. Output power: 3 kw (at dummy load)

for 6,390 Mc, 10 kw for 1,725 Mc.

5. VSWR: 1.05 (using isolator).

6. Harmonic suppression: 55 db.

7. Power requirement: 3-phase, 50 cps,

200 v, 40 kva for 6,390 Mc and 60 kva for

1,725 Mc.

RECEIVING EQUIPMENT

This equipment is for receiving and de-

modulating a wideband FM signal (carrying

one TV system or 600 telephone channels)
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transmitted from a communication satellite.

In order to minimize losses in the feeding

system, the receiver is placed in a room on
the antenna mount which can rotate in the

azimuth plane along with the antenna.
The equipment consists of three sections,

a low noise amplifier whose first parametric
amplifier is cooled by liquid nitrogen, a

TWT amplifier with converter, and a de-
modulator adopting a negative feedback
phase detector system having an improve-
ment of about 4.5 db in threshold level. The
threshold level is --98 dbm in case of incom-

ing noise of 80 ° K into the equipment. Each
section has its own power supply.

Details of the equipment are given as fol-
lows :

1. Low noise amplifier
(a) Center frequency: 4,170 Mc.
(b) Bandwidth: 100 Mc (3 db down).
(c) Gain: 32 db
(d) Receiver noise temperature: 82 ° K.

(System noise temperature 140 ° K, at ze-

nith, with radome)
2. TWT amplifier with converter

(a) Input frequency: 4,170 Mc
(b) Output frequency: 7,000 Mc
(c) Bandwidth: 50 Mc (2 db down).
(d) Gain: 74 db
(e) Frequency stability of local oscil-

lator: 1 )< 10 '_ (15 ° C to 45 ° C).
(f) Conversion loss: 13 db.

(g) AGC characteristics: +10 dbm
+_1.5 db at the output in a range of input
levels between --49 and --31 dbm
3. Demodulator

(a) Input frequency: 7,000 Mc

(b) Input level: +10 dbm _+1.5 db
(c) Deviation: +--8 Mc

(d) Video bandwidth: 4.5 Mc
(e) Frequency response of video am-

plifier: +1.5 db (60 cps to 4.5 Mc.)
(f) Output impedance: 75 ohm _+7.5

ohm.

TRACKING FACILITIES

The tracking facilities are to provide
precise angle information with which the
20-m antenna is to be pointed to a communi-

cation satellite. With the aid of approximate

satellite-orbit information pre-calculated by
a computer, it achieves initial acquisition
by locking on an SHF beacon transmitted
from the satellite, as it appears on the radio
horizon. Then the equipment automatically

tracks the satellite, providing the antenna
with precise pointing information through
an antenna steering controller.

Details of these facilities are given as fol-
lows :

1. System
(a) Tracking mode: Simultaneous lob-

ing adopting amplitude sensing monopulse
technique.

(b) Angular encoding: Binary coded
decimal code, six digits (least significant
digit being 0 or 5 only).

(c) Accuracy: 0.017 ° (RMS)
2. Antenna

(a) Form: Azimuth/elevation type
parabola antenna, 6 m in diameter, 150 °
in aperture angle, +3 mm in surface

accuracy.
(b) Range of rotation: --+400 ° (azi-

muth), --5 ° to 90 ° (elevation).
(c) Drive: Oil pressure drive of valve

control system.
(d) Maximum velocity: 8°/sec (azi-

muth), l°/sec (elevation).
(e) Maximum acceleration: 8°/sec '-'

(azimuth), 2°/see 2 (elevation).
(f) Polarization: Righthand or left-

hand circular polarization (changeable).
3. Radome

(a) Form: Composed of 3/4 parts of a

sphere 11 m in diameter.
(b) Structure: Dual-walled, made of

Vinylon (synthetic fabric) coated with
Neoprene (synthetic rubber).

(c) Loss: 0.1 db at 4,000 Mc.
(d) Maximum wind velocity: 60 m/sec.

4. Radio Receiver

(a) Type : Phase-sensitive detection
with voltage controlled oscillator.

(b) Minimum tracking level: --140

dbm (bandwidth 150 cps).
(c) Noise figure: 3 db (parametric am-

plifiers).
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(d) AGC characteristic: Deviation less

than 2 db at the output in a range of input
levels between --170 and --90 dbm.

ANTENNA STEERING DIGITAL CONTROLLER

The antenna steering digital controller,

containing parametrons as its s_abTe]0gical

elements, controls communications and

tracking antennas at the earth station in

time sharing control with stored programs.

Details of the antenna steering computer,

the main part of this controller, are given

as follows :

1. Logical element:+3:_)_:parametrons, ex-

cited by 2.3 Mc quenched by 25 kc.

2. Code: Binary coded decimal as external

code, excess three as internal code.

3. Arithmetic: Bit parallel, digit serial,

fixed decimal point.

4. Operation times: 0.8 ms. for addition

and subtraction 50 ms. max. for multipli-

cation, 54 ms. max. for division.
5. Transmission form: Parallel.

6. Word construction: 7 decimal digits +

sign -- 29 bits.
7. Instruction: One and one-half address,

41 instructions.

8. External switches: 32.

9. Control system: Stored program, over-

lapping control, acceptable external inter-
ruption.

10. Memory: Core matrix using d.ual fre-

quency control, 512 word capacity.

11. Input-output selector: Magnetic-mod-

ulator matrix using small ferrite toroidal

cores, 16 input-output with 29 bit parallel

lines at the maximum speed of 1,250 words

per second.

12. Power requirement: 200 v, 50 cps,
1 kva.

AUTHORS. This chapter was contributed

by personnel of the Kokusai Denshin Denwa

Co. Ltd. (Japan's Overseas Radio and Cable

System), Tokyo, Japan, under cognizance

of the Japanese Ministry of Posts and Tele-
communications.
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21i0: 5 9 Chapter

Results of Tests Performed with Relay I
at the KDD Space Communications Station

9

i .--

ments were scheduled to come-to_-an-end

during the first ten days of the month, and
were carried out lmmedla_eTy a_'ter the com-
pletion of receiving facilities of the Station.
Since the satellite did not die, however, the
experiments were extended one more week.

Details of the experiments are shown in
Table 9-1. The change of the transmitting

INTRODUCTION

Wideband receiving experiments were per-
formed at the "Earth-gtatior_ (COMIBA) of
Kokusai Denshin Denwa Co., Ltd. (KDD),

Ibaraki , Japan. - ...... - -

As the Relay I satellite was exPected-_0' die
in the middle of December 1963,-the exper-i-

TABLE 9-1. Lisi of Wide Band Communication Tests and Demonslralions

Orbit Test period -UT) Contents Circuit

2677

2678

2700

2701

2708

2700

2724

2731

2762

2777
2785

2816

2839

2870

63Y 11M 22D, 2027:42-2048

22D, 2357:38-0015

25D, 1904:42-1917:32

25D, 2249:37-2305 :I 6

27D, 1959:04-2009

27D, 2334:02-2347

28D, 2139:39-2156

12M

29D, 1903:47-1916:06

3D, 1840:12-1851:00

5D, 1637:45-1649:00

6D, 1724:41-1736:00

I 1D, 1700:37-1713:57

13D, 1546:40-1601:01

17D, 1519:21-1528:00

TV demonstration No. 1

TV demonstration No. 2

TV demonstration No. 3

TV demonstration No. 4

Test--A2, Bl, D2, D3, H

Test--A2, B1, CI, DI, D2, D3, H

Test--H

Test-A2 B1, D2, D3, I1

Test--BI C1, H

Test--A2 CI, D2, D3

Test---A2 BI, CI, H

Test-A2 BI, C1, C2, H

Test A2 C1, C2

Test--A2, C1

.<

©
(9
+

8

.<

ga

.<

8
NOTE: Performance.of eommand--COMMOJ (Mojave, Calif., USA). Transmission--COMMOJ and COMAND (And-

over, Maine, USA.)
Contents of TV Demonstrations:

No. 1--The first official TV transmission from USA to Japan. Greeting for the first satellite communication.
No. 2--Record, llfe of the late President John F. Kennedy, simultaneously broadcast in USA and Japs, n.
No. 3--News.

N'o. 4--News, the state funeral of ttle late President John F. Kennedy.

663
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station was due to a trouble with the trans-
mitter at COMMOJ. The duration of the

experiment per orbit was in general 15 to 20
minutes. As shown in the table, TV demon-

strations were made four times, and techni-
cal tests designated by the Relay communi-
cation experimental plan (R1-5021) were
performed ten times.

POSITION OF RELAY I DURING

THE EXPERIMENT

The azimuth, elevation, slant range and
look angle viewed from the earth station
(COMIBA) to Relay I at the beginning and
end of the experiment are given in Table 9-2.

EXPERIMENTAL RESULTS

Results of technical tests and demonstra-

tions are summarized in Table 9-3.

Insertion Gain Stability (II-A2)

This test is to measure the system insertion

gain and gain stability for baseband-to-base-

band television transmission. Since the ref-

erence value of insertion gain variation in
a medium period (10 seconds) is 1.0 db, the
results of measurement satisfy the perform-
ance objectives.

Noise Measurement (II-B)

This test is to determine the weighted

video signal-to-noise ratio, defined as the
ratio of the peak-to-peak amplitude of the
picture signal to the rms amplitude of the
noise betwen 10 kc and 3.0 Mc with the video
removed. The reference value of S/N is 43

db, so the measured values in general satisfy
the performance objectives.

Line-Time Non-Linearity Distortion (11-Ci)

This test is to determine variation in am-

plitude and phase of a level signal when the
video level progresses from black to white
within a line scan interval. The reference

value of the m/M ratio should be greater

than 0.80. All the values measured satisfy
the requirement.

TABLE 9 2.--Position of Relay I During the Experimenls

Azimuth (deg.) Elevation (deg.) Slant range (kin)
Ort)it

B E B E B E

2677

2678

2700
2701

2708

2709

2724

273l

2762

2777
2785

2816

2839
2870

66.9.-53.2

56.0-66.8

85.5-68.2

57.3-61.8
68.0-60.2

58.5-66.3

57.2-58.1

57.5-50.7

55.8-50.6

62.8-53.0

59.6-51.8

57.8-50.0

61.3-50.2
62.3-55.0

31.1-- 6.0

37.4- 2.2

34.9-25.0

32.2- 4.2

34.6-23.8
35.6 10.7

29.5- 4.3

14.3- 1.2

12.6- 0.9

9.4 1.7

13.3- 3.5

12.5- 0.8

10.5- 0
12.2- 5.6

9300-10540
7620- 8740

9030- 9840

8300- 9300

9140- 9740
7800- 8530

8880- 9920

10610-11460

10800-11580

11200-12060

10870-11750

10940-12030

10960-12240

10600-11540

Look angle (deg.)

B E

128-136

150 127

109 122

146-132

126-133
148-132

143-133

130-132

I14-119

Circuit.

0

+
©

©

©

Z

8
NOTES:

l_ Data--supplied by GSFC, NASA.
2. Earth station--COMIBA.
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TABLE 9-3.--Results of Measurement in Wide_and_,ommunication Tests

665

Orbit

2677

2678

27OO

2701

• 270_

2709

2724

2731

2762

2777

2785

2816

2839

= 2870

IIA2

(db)

Gain Variation

-0.14

--0.26 f

0

+0.12

-0.26 +0,1

0 _+0.1

0

-0.4

-0.2

IIB1 IICI

0.89311)]43

0.8750)
(2) 0.92

0.89

0.9

IIC2

0.9

1.12

IID1

0.05

IID3
IID2

0.031 0.021

0 (2)

0.015 0.33(3)

0.045 o38(3)

2T T

0.35(3)

II H

4--

4

4

4 +/4 - (4)

4

3+

(2)

IV A

Pic. Test

pat.

4+ 4+

3- 4+

3- 4

3+ 4

Circuit

<

0

0

t8
Z
<

0
©

NOTES :

II A2

II B1

II CI

II C2

II D1

II 1)2

IT D3

IT tT
IV A

Insertion gain stability (measuring period--10 see)

Signal to continuous random noise ratio in video channel

IAne-time non-linearity distortion (rating: 0. 8)

Synchronization non-linearity distortion (allowance: 0.64-1.57)

Field time linear waveform distortion (rating factor: 0.05)

Line time linear waveform distortion (rating factor: 0.05)
Sltort time linear waveform distortion (rating factor: 0.05)

Grade of receiving TV picture (test pattern)

Grade of receiving picture in TV demonstration

1, Estimated value.

2, Measurement was impossible.

3. Amplitude of transmitted pulse seemed to be lower than the specified.

4. All II H and IV A tests were conducted without emphasis except on Orbit 2731.

Grade of picture with emphasis on Orbit 2731 w,_s 4-, worse than 4+ without emphasis on the same press.

Synchronization Non-Linearity Distortion (11-C2)

This test is to determine variations in

amplitude of the synchronizing signal as the
video level is switched from black to white.

The measured value Sa/Sb are within the

objective limits, which are designated as the

reference values of the ratio Sa/Sb, i.e., 0.64
to 1.57.

Field-Time Linear Waveform Distortion (II-DI)

Th_s test is to determine the transient

response of the system to field-time wave-

forms. It was made only on orbit 2709. The

measured value is within the performance

mask shown in paragraph 3.5.1 of CCIR

Rec. 267 (Los Angeles, 1959).

Line-time Linear Waveform Distortion (II-D2)

and Short-Time Linear Waveform Distortion

(II-D3)

These tests are to determine distortions

mainly due to the video transmission char-

acteristics in the medium frequency range

and in the high frequency range. The meas-
ured results satisfy the reference rating

factor of 0.05, except in cases where ampli-
tudes of transmitted pulses were lower than

that specified.

Television Test (II-H)

This test is to provide the subjective eval-

uation of the system performance and to

permit alignment of the system for television
use.

: :Z : : ....
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All tests were conducted without pre-

emphasis except on orbit 2731. Almost all
of the results were good (grade 4) as shown
in Table 9-3. The quality of the received
pattern and picture was estimated accord-
ing to the following score adopted by NHK
(Japan Broadcasting Corporation) :

5--ExceUent (disturbance undetectable)
4---Good (disturbance detectable, but not

annoying, and tolerable for high quality
transmission)

3--Fair (disturbance annoying, intoler-

able for high quality transmission)
2--Bad (disturbance severely annoying

and intolerable even for the general serv-

ice), and
1--Unusable (information undetectable).
Signs _ and -- to the figures in Table 9-3

mean higher and lower in grade, respec-
tively, compared with the original figure in
the estimation. Grade of picture on orbit
2731 was 4-- with emphasis, whereas it was

4_- without emphasis on the same orbit.

Received Signal Power (II-F)

The measurement of the received signal

power is one of the most fundamental
measurements for all performances of the
communication systems. This was made in

parallel at the same time as the experiments
mentioned previously. The signal power re-

ceived by the 20-meter antenna is represented
in Table 9-4 in values at the beginning, in

the middle, and at the end of each orbit.

It is found that the average received sig-

nal power closely relates to look angle of the
satellite. Figure 9-1 shows the above rela-
tion, slant ranges on orbits 2677 to 2870
being normalized to a range of 10,000 kin.

In case of a low signal power received,
degree of spin fading in general tends to
increase. The fading rate of spin fading was

2.58 cps.
The result of measurement of 4080 Mc

beacon signal by a 6-meter antenna is shown
in Table 9-5.

TABLE 9-4.--Received Si

Signal power (dbm)
Orbit

B

2677 -92

2678 -95

27OO -91.5

2701 -96.5

2708 -92
2709 -98

2724 -92.5

2731 -92

2762 -92.5

2777 -91.5

2785 -92

2816 -94

2831 -93.5

2870 -92

M E

-92.5 --93.5

--92.5 --91

--91 --94
--94.5 --93

--93 --91.5

--92 -91

-92.5 --91.5

--90.5 --94.5

--93 --93.5

--93 -94

-91 -91.5
-94 --94

-95 -95

--92 -93.5

hal Power and System Noise by 20-Meter Antenna

Spin
fading,
p-to-p

(db)

5
6

3
7-2

3

8-3

4-2

3-4
3
3

4-3

5-7-5

4

3

Noise
temp.
zenith
(km)

160"
145

147

144

140

139

138

137
140

140

138

136

136

137

P

P is percipitation;
h is humidity.

Weather cond.

t(°C) h(%)

12 80

15 72

10 83

14 65
4 69

9 60
5.5 75

3 72

9 85

8 95

4 82

6 95

5 75

5 8O

Circuit

O
+o
©

o
o

_o
_0

0

NOTES:

1. Effective noise bandwidth of communication receiver is 8 Me.

2. Rate of spin fading was 2.58 cps.
3. *Radome was wet.
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-9O

_ -92

_z

-94

Z
O
-- -96
m
_3

N
N
U

o o

-- o o o o °

o o o °

o o o

o o o

_ °o° o

NORMALIZED

10,000 km

o

I I 1 __ I I

period of this experiment. Grades of re-

ceived pictures in these demonstrations are

shown in Table 9-3. Estimation of test pat-

tern was always better than that of the

picture, because some original pictures trans-

mitted were not of high quality. Quality of

audio signal was not always so good, being

markedly affected by spin fading. Figures

9-2 and 9-3 are typical of TV pictures re-

ceived at the first demonstration between the

U.S.A. and Japan on orbit 2677 on November

23, 1963.

90 1_ 1t0 120 130 140 150

. -- _OO_ANGtE lN _ NOISE TEMPERATURE

F,GUaE 9-1. Look angle directivity of Relay I an- --_ystem noise temperafure of {he commu-

tenna on 4170 Mc measured on revolution 2677- _ieation facility was mei_sured immediately
to 2870 (November 23 to Deeemberl8, 1963). _ ..... 1. .... 1. _-^_

___ _ _a_, _,_,_,, at the zenithal angle.

_If_s shown in Table 9-4 with the meteoro-
TV DEMONSTRATION (IV-A)

...... _=:= ............ Jogical conditions. The value was about

As shown already in Ta_ e_=i,-TV dem- 140°K-in the average during the period of

onstrations were held four times during the the experiment. -

TABLE 9-$. i_ec_iveclSig_ Power by 6-Meter Antenna

Orbit

2677
2678

2700
2701

2708
2709
2724

2731

2762

2777

2785

2816
2839

2870

Signal power (db)

B M E

- 126 -125 - 125
- 128 -I26 - 128

-119 -ll8 --119
--120 --117 --116
--120 -118 --116
--I20 -115 -- 116
-123 -122 --122

-- 120 -120 -- 126
-- 120 -120 --130
-- 120 -124 -- 125
--122 -122 --121
--120 -123 -- 127
--117 -117 --129
-- 116 -120 --122

Spin fading, p-to-p (db)

Not accurately measured

NO TES:

1. All measurements weremadeon 4080 Mc beacon signal.
2. Bandwidth of receiver--500 cps.

: 3: M_nlmum signal level for tracklng_ -138 dbm.

Remarks

Due to a large time constant employed in

the recording circuit

10 db drop in the last I min

4 db drop at 1638:03

4 db drop at 1701:28

4 db drop at 1554:05

4 db drop at 1522:02

Circuit

<

+8
o

8

<

©

Z
<

8
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FIGURE 9-2.--TV picture received at COMIBA, first demonstration between U.S.A. and Japan.

COMPARISON BETWEEN CALCULATED AND

MEASURED DATA

A comparison between the calculated and

measured orbital data on each orbit is given
in Table 9-6. Figure 9-4 shows azimuth and
elevation errors in orbital prediction for
Relay I with angle of elevation. Elevation
error in general increases with decrease of

elevation with a tendency indicated by a
calibration curve given by NASA, whereas
azimuth error is comparatively small and
independent of angle of elevation.

CONCLUSION

As the experiment was limited to a short
period, it is difficult to draw a decisive con-
clusion, but the experimental results may
be summarized as follows:

1. As regards the insertion gain stability

(II-A) and various transmission distortions
(II-C1, II-C2, II-D1, II-D2 and II-D3),

the measured values almost always satisfy
the reference values. In other words, it may
safely be said that the transmission charae-
teristics of satellite-borne relay instruments
and the ground-based receiver were fairly
good.

2. The received power (II-F) fluctuated,
in general, within a range of --91 to --94
dbm. Expressing the random noise (II-B)
in a ratio of S/N, these values varied in a
range from 43 to 46 db and satisfied the

reference value of 43 db. The spin fading
varying from 3 to 7 db peculiar to a satellite,
however, was observed frequently.

3. The quality of TV video was fairly good
generally, i.e., 3 or 4 expressed in the score

adopted by NHK.
4. Audio signals were not very good and
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0.2

0

g

z

-0.2

-0.4

-0.6
0

•41. 4

FIGURE 9-3.--TV picture received at COMIBA, first demonstration between U.S.A. and Japan.

3O

o
o

°_ALIflRATIIN CURVE

--_.I---- L __ _ I ...... I I

10 20

o 4 ?, ;, +

o_ o" _[ ...... 1 ......
I I I I

ELEVATION IN DEGREES

,_ote--Cross marks among above errors gave a good coincidence wi,+h

prediction by stir]ring time by 8 seconds.

FmURE 9-4.--Azimuth and elevation error in orbital
prediction for Relay I measured during revolutions
2677 to 2870.

an effect of spin fading was markedly ob-
served.

5. The comparison between the predicted

and measured orbital data was generally

good, and there was no serious problem con-

cerning satellite tracking.

6. As regards the phase-lock demodulator

of the receiver, there still remain several

technical problems, e.g., no improvement

took place by the use of emphasis for TV

reception.

7. As tl_ere was little rain during the

period of experiment, the meteorological el-

fect on noise temperature was not made

clear.

AUTHORS. This chapter was contributed

by personnel of the Kokusai Denshin Denwa

Co. Ltd. (Japan's Overseas Radio and Cable

=



670 RELAY I--PART III

TABLE 9-6.--Comparison Between Calculated and Measured
Orbital Data

Calculated
A Az A El

Orbit (degrees) (degrees) Circuit
Azimuth Elevation
(degrees) (degrees)

2677 65.72 30.00 -0.13 -0.14

54.58 I0.00 -0.09 -0.21 <_
2678 59.41 30,00 -0.01 -0.30 f:Q

64.85 I0.00 0 -0,36
2700 75.17 30.00 --0.03 --0.02

68.16 25.00 --0.02 --0,03 r._
2701 57.67 30.00 --0.10 +0.02

60.85 I0.00 -0.10 --0.08
/

2708 64.10 30.00 --0.08 --0.01

60:80 25.00 -0.04 --0.01

2709 60.44 30.00 --0.12 +0,13
65.04 15.00 --0.08 --0.08 O

o
2724 57.24 25.00 --0.03 +0.04

58.05 5.00 -0.03 --0.14

2731 57.96 15.00 0 -- 0.01

52.44 5.00 --0.02 --0.13
2762 54.48 10,00 --0.09 --0.13

52.24 5.00 --0.07 --0.24 _'_

2777 62.12 9.00 --0.I0 --0.14 t'_

56.72 5.00 --0.08 --0.20

2785 56.54 10.00 --0.10 --0.15 ._.

52.85 5.00 - 0.06 -- 0.24
2816 59.98 15.00 --0.00 --0.12

52.42 5.00 --0.06 --0.42

2839 60.57 I0.00 -0.02 --0,04 ._,

54.80 5.00 -0.04 --0.12 0

2870 59.40 IO.O0 --0.01 --0.06 r)

5608 700 -0.02 -0.I0

NOTES :

1. A =calculated value -measured value by 6-meter antenna

2. Accuracy of measurement is _+0.01 degree.

3. Correction by eff_,et of atmospheric refraction is not contained

System), Tokyo, Japan,, under cognizance of

the Japanese Ministry of Posts and Telecom-

munications.



N66ZIOZ 60
- Chapter 10

1
\

The Goonhilly Downs Space Communications Station

IlCrRODUeTION also with a view to possible operational use
_=_ --

The initial purpose of the Post Office satel- at a later date.

lite system earth station at Goonhilly Downs,
Cornwall, was to obtain information on the The Station and its Facilities
performance of experimental communica- The site of the Goonhilly radio station,

tion satellite systems; such information will Figure 10-1, has been chosen to be particu-
be of great importance to the designers of larly suitable for transatlantic communica-
systems for commercial operation. To facil- tion in view of its westerly location; also, its
itate this end, the United Kingdom and USA southerly latitude is convenient for satellites

Governments prepared and signed, in Febru- in equatorial orbits. It is remote from the
cry 1961, a Memorandum of Understanding majority of microwave links in the United
regarding collaboration between the British Kingdom, so that frequency-sharing with
Post Office and the United States National such links is facilitated. The horizon angles
Aeronautics and Space Administration are predominantly negative with a maximum

(NASA) on the testing of experimental positive value of about 0.5 °, so that satellite
communication satellites to be launched by orbits involving low angles of elevation can
NASA. The first phase of the tests covered be used. The main station building is located

projects Telstara_d]_elay, both using active near the center of the site, the aerialbeing
satellites, f_- _ close to one corner. The site is large enough

The understanding with the United States to accommodate additional aerials for experi-
covers full interchange of techmcal mforma- mental purposes or later for operational use.
tion, makes clear tl_at t_e-co]lab_on re- The present equipment for participation
lares to experimental tests only and is not in projects Relay and Telstar includes the

concerned with c0mm_: fc__m!::exP]0ltatlo n, and following facilities:
does not prec]u_[e-the use of the Post Office 1. An 85 ft diameter paraboloidal-reflector

experimental earth................station for tests outside dish aerial with full steerability over the
the cooperative pr_ects outlined. Similar hemisphere above the horizontal plane.

agreements between-_e unitecl ° States and 2. Means for st__eering the aerial automat-
France, Federal ReP-ubli_c of-Ger-many_ Italy, ically from predicted orbital data.
and Brazil have sinceb-_een approved. 3. A 10 kw transmitter operating at 1725

The Goonhil)_y__ _ system earth sta- Me for project Relay.

tion has been planned and equipped, not only 4. A 5 kw transmitter operating at 6390
for participation projects Telstar and Mc for project Telstar.
Relay and _experin_ntal projects, but 5. Low-noise receiving equipment for the

• _ 671

± -
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._J

AERIAL No, 3

AERIAL No. 2

AERIAL No. 5

C,

AERIAL NO. 4

ONTROL

BUILDING

ROAD

f
PILLAR

LOCATION OF SITE:

50 D 2 _ 52" N.

5 ° 10' 30" W.

FIGURE 10-1.--Location of Goonhi|ly earth station,

4170 Mc communication and 4080 Mc beacon

signals transmitted by the Telstar and Relay
satellites.

6. Terminal equipment for transmission
and reception of multi-channel telephone,
telegraph and television signals.

7. Video and multi-channel telephone and

telegraph links to the trunk network.
8. Support communications, including tele-

printer and voice circuits to the USA, for
the transmission of data and other informa-

tion concerning the tests.

The Steerable Aerial

The steerable dish aerial, Figure 10-2, is
designed for operation up to at least 8000
Mc, at which frequency the beamwidth is
only about 0.1 °. Since the satellites move
rapidly across the sky, the aerial is required

to track a rapidly moving satellite to within
a few minutes of arc. The aerial rotates as

a whole on a turntable to provide changes in
azimuth, and the dish is rotated about a

horizontal axis for elevation changes. In FIGURE 10-2.--The steerable antenna.
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addition, small variations (up to a degree)
of beam direction are possible by remotely-
controlled movements of the feed at the focus
of the dish. The feed for the =dish_ is _in the

plane of the aperture, an arrangement which,
with appropriate feed design, reduces the
leveis of the minor lobes of the radiation

diagram. This is of great importance since,
unless the minor lobes are very smalll noise

Can be picked up from the terrain surround-
ing the aerial which would significantly de-
grade the signal-to-noise ratio of the very

weak signals received from a satellite.
Since the aerial is not protected by a ra-

dome, stability under high wind conditions

is achieved by a heavY, sturdy construction
using reinforced concrete supporting mem-
bers, and p0werful driving motors. The
weight of the movable part of the aerial
structure is some 870 tons, and the structure

is designed to operate in wind velocities up
to 65 mph.

The aerial is automatically steered, using
predicted orbital information derived from
the NASA worldwide network of "Mini-

track" stations, one of which is operated by
the Department of Scientific and Industrial

Research at WinkfieId, near Slough. This
data is received in digital form over a tele-
printer circuit from the NASA Goddard
Space Flight Center, U.S.A.; it has to be
processed in an electronic computer at Goon-
hilly to give the aerial steering instructions

in the appropriate form. In order to correct
for small errors in prediction and errors
arising from other causes, the manually- or
automatically-controlled aerial beam swing-
ing facility previously referred to is used.
This operates from the 4080 Mc beacon sig-

nal transmitted by the satellite; by causing
the aerial beam to scan circularly over a few
minutes of arc, information is thereby de-
rived which enables the appropriate correc-
tions to be applied, initially on a manual

b_sis and later automatically on a lock-on
basis. A spiral scan of up to 1° is available,
if required, to aid in satellite beacon acquisi-
tion, but has not in practice been found

necessary.

Immediately behind the reflector dish there
are two apparatus cabins; one of these ac-
commodates the travelling-wave maser am-

plifier operating at 4170 Mc. The necessary
low temperatures for this device are obtained

by using liquid helium and liquid nitrogen,
evaporated helium being recovered, stored,
and compressed by equipment housed in a
cabin on the horizontal turntable.

A cabin behind the reflector also accom-

mddates filters for separating the satellite
beacon signal from the satellite communica-
tion signal, so that the latter may be ampli-
fied separately in the maser. Means for

determining the system noise-temperature
are also provided. Waveguide assemblies
with rotary and flexible joints connect the
feed at the focus of the reflector with equip-
ment in the cabins at the back of the reflector
and on the aerial turntable.

On the horizontal turntable is an apparatus
roo_ccomodating the high-power stages of

the Relay and Telstar transmitters, the low-
power drive equipment for the transmitters,
and equipment for translating signals to and
from radio frequency and an intermediate
frequency of 70 Mc.

A cylindrical enclosure in the middle of
the apparatus room accommodates loops of
flexible cable used to make connection be-

tween the equipment in the moving appa-
ratus room and fixed equipment in the main
control building and elsewhere. Rotation of
the turntable around the vertical axis is

restricted to ± 250 °, so that cable loop
rather than slip-rings can be used. Beneath
the horizontal turntable and beyond it there
is a chamber and tunnel for the inter-con-

necting cables.

Main Control Building

In the main buildings, Figure 10-3 and
10-4, from which all experiments are eon-
trolled,-the principal rooms are equipped
with :

1. control and experimental apparatus,
2. telegraph equipment,
3. computer and data processing equip-

ment, _ :
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,

time

5.

6.
cine

aerial steering equipment and precise
and frequency standards,

aerial steering console,

auxiliary test apparatus, including tele-
and television equipment.

Control and Experimental Apparatus Room

A console is provided for the control of
experiments, Figure 10-5, enabling the avail-
ability of the transmitting, receiving and
test equipment and the aerial to be deter-
mined at all times, together with voice com-

munication facilities to the operating staff
concerned. A similar console is provided for
aerial steering purposes, the latter including
visual presentation on cathode-ray tubes of
the incoming wave direction from the satel-
lite.

The equipment in this room includes :

1. Baseband and intermediate-frequency
equipment forming part of the transmitting
and receiving communication system

2. Receivers for the "off-the-air" reception
of television broadcast signals

3. Test equipment

4. Magnetic tape and other recorders

5. Satellite beacon signal receivers

6. Video and multi-channel telephony ter-
minals

FmURB 10-3.--External view of control building.

Telegraph Room

Separate teleprinters are provided for:
1. Operational traffic with, and reception

of orbital prediction data from the Goddard
Space Flight Center, USA

2. Communication with the satellite ground

station at Andover, Maine, USA, on a pri-
vate wire basis

3. Telex facilities

4. The receipt of local meteorological in-

formation (to enable aerial safety precau-
tions to be taken if necessary).

Computer Room

The prinicpal item in this air conditioned
room, Figure 10-6, is a National-Elliot Type
803 electronic computer. As noted, earlier,

orbital data is received in digital form from
the USA; this data provides predicted X, Y,
Z versus time coordinates at one-minute in-

tervals and is recorded on punched tape. The
computer processes the data to provide aerial
steering instructions also in punched-tape
form, the output information for each one-
second interval including time, azimuth bear-
ing, rate of change of azimuth, elevation,
rate of change of elevation and the slant

range to the satellite. The computer program
also makes allowance for changes of appar-
ent satellite bearing due to atmospheric re-
fraction. Telegraph-type tape readers and
data recording equipment are provided for
processing the received, orbital data and for
the preparation of the serial steering tapes.

Figure 10-7 shows the manner in which

instructions from the computer are passed
into the aerial steering equipment in the form
of a punched paper tape. This tape is "read"
by the equipment one second in advance, one
second at a time. The tape-reading equip-

ment positions the tape for each reading
operation from the single "cycle start" hole
marking the commencement of each se-
quence. The time to which the start of each

sequence refers is punched into the tape as
hours, minutes and seconds in a code which

can be read by inspection. This is followed.
by instruction, in binary code, defining the
azimuth and elevation directions required
at that time.
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ENGINEER IN

CHARGE

OFFICE

m

E
1

i

1

m

OFF,LCE

=

DINING ROOM

RECEPTION

AREA

TELEGRAPH

ROOM

AERIAL CONTROL

APPARATUS ROOM

MAST

COMPUTER

ROOM

. ;, ........ +J ....... J

....

TEN DESCRIPTION

I _ AERIAL No. 1 CONTROL EQUIPMENT

2, AERIAL No. 2 CONTROL EQUIPMENT

3 CONTROLLER'S CONSOLE

4 CIRCUIT SW!TCHING CONSOLE

5 I BEAM SWINGING EQUIPMENT

TX AND RX SUPERVISORY CONSOLE
7 INLAND MICROWAVE LINK EQUIPMENT

8 TIME EQUIPMENT

9 EQUIPMENT RAC K 1:OR CIRCUIT SWITCHING CONSOI_E

I0 MISC. APPARATUS RACK

I| D P_ RECEIVERS

12 BASEBAND AND IF EQUIPMENT

13 RECORDERS

14 WHITE NOISE TEST EQUIPMENT

15 MISC. TEST EQUIPMENT

16 T.V. TEST EQUIPMENT

17. CABLE TERMINATING RACK
IB CARRIER AND TRANSMISSION EQUIPMENT

19_ DISTRIBUTION FRAME

20 VOLTAGE REC_ULATOR FOR ITEM 18
21 CONTROL CONSOLE AERIAL No. t

22 CONTROL C,ONSOLE AERIAL No, 2 _OPOSED)

23 CABLE TERMINATIONS AERIAL No, 2
24 MISC, APPARATUS RACK

FI_UR_ 10-4. Plan view o_ control building.
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FmURg 10-5.--The control console suite.

FIGURE 10-6.--Computer room.

With the exception of a short portion of
tape giving a tape identification number, also

in a simple code which can be read by inspec-
tion, the remainder of the one-second se-
quence contains a series of increments to the
initially demanded aerial directions which

enables the equipment to keep the driving
motors running at the correct rates for the
next demanded position to be reached with
minimum error.

Aerial Steering Apparatus Room

The apparatus in this room enables a com-
parision to be made between the aerial steer-
ing input data in digital form and digital
signals derived from readout units on the
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FIGURE 10-7.--Steering instructions on a punched

paper tape.

every precaution has been taken to ensure
safety of personnel, by the provision of me-
chanical and electrical interlocks, it has been
considered desirable that those controlling
the movement of the aerial should have full
visual surveillance. The aerial is floodlit at

night.
Though aerial steering is fully automatic,

it has been arranged so that the mechanical
and electrical cond.itions of the aerial are

displayed to an operator who can observe
fault conditions, apply corrections and over-
ride the automatic system should any abnor-

mality occur.

Power Supplies

The power supply for Goonhilly radio sta-
tion is obtained at 11 kv from an electricity
substation four miles distant, together with

an alternative supply from Helston, eight
miles distant. Both supplies are via overhead
lines, except for a distance of some 400 yards
on site, which is via underground cable.
Changeover facilities are provided to enable

the second supply to be used in the event of
failure of the first. The present supply ca-

/

aerial azimuth and elevation dxives, thus
enabling the servo feedback loops to be com-
pleted.

A temperature-controlled annex to this

room accommodates quartz-crystal oscillators
of high accuracy which, in conjunction with
time signal radio receivers, provide a pre-
cise time source adjustable to Universal
Time 2.

Steering tapes are received from the com-

puter room for application to the input of
the aerial steering apparatus, initiation of
aerial movement being dependent upon syn-
chronism between time as recorded on the

tape and. as generated by the precise time
source.

• ; . pacity is 450 kva; this will ultimately be
increased to 800 kva.

The supply terminates at three trans-
formers. At the aerial site a 250 kva trans-

former supplies power for driving motors
and a 100 kva transformer supplies power
for electronic equipment, etc. The third
transformer, at the control building, is of
100 kva to provide power for the whole
building.

Because of the very small risk of failure
of both electricity supplies simultaneously,
and because of the large amount of power
required, no local standby power is provided
except that derived from a 50 volt battery

to operate emergency lighting, clocks and
teIephon_s.

Aerial Steering Console Room (Control Tower)

The aerial steering console room in the

Control Tower, Figure 10-8 has been de-
signed and placed to give uninterrupted visi-

bility over the whole of the site. Though

System Checking Facilities

It is necessary to be able to check period-
ically the mechanical alignment of the aerial,
the electrical bearing of the aerial beam and

the performance of the transmitting and re-
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FIGURE 10-81---Aerial steering position in the control tower.

ceiving equipment, independently of a satel-
lite. For these purposes the aerial is fitted

with a boresight telescope for ranging on
local and distant points of accurately known
bearing. In addition, there has been installed

at Leswidden, some 21 miles away, apparatus
capable of simulating the Relay and Telstar
satellites, thus enabling comprehensive over-
all system tests including tests of the aerial
gain and radiation diagram to be made.

Measurements of the aerial tracking charac-
teristics are made using the radio star Cas-
siopeia A.

TransmissionEquipment

The radio transmission equipment at a
satellite system earth station differs marked-

ly from that used in conventional radio-relay
systems, for the following reasons:

1. The need for high-power earth station
transmitters--with outputs of kilowatts in-
stead of a few watts.

2. The very small signal power, of the
order of micro-microwatts, received from

satellites, anct the resulting low signal-to-
noise ratio in the intermediate-frequency
passband of the ground station receiver.

3. The use of circularly polarized waves,
as compared with linear polarization in most
radio-relay systems.

4. The presence of Doppler frequency
shifts on the received signals due to the too-
tion of the satellite relative to the earth
stations.

The earth station transmission equipment,
shown in block schematic form in Figure
10-9, enables signals to be transmitted in a
5 Mc-wide baseband. Such a baseband, could
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FIGURE 10-9.--Earth station transmission equipment, block diagram.

accommodate several hundreds of telephony
channels or a television signal of up to 625-

line definition Or high-speed data transmis-
sions: Multi-channel telegraphy and fac-

s!m:iiesignalscoul 
mitted in the telephony channels.

The baseband input =signals:=a_ applied _i0

a 70 Me frequency-mod,ula_ori:}he_w[ffejde_ -
ation output of which is then passed to up-
conversion:equ-ipment for:translat_n to-the
de_ired radio frequency,_a low-power driver

Stage afid a high-power t_ransm[tt[ngampli -
tier. AS the around'staff& transmitter fre£

quencies for Relay and Telstar are very dif-

ferent, being 1725 and 6390 Mc respectively,
separate up-converslon, =driver, and high-
power equipment are provided, for the two
projects. The Telstar high-power transmit-
ter uses a 5 kc traveling-wave tube developed

specially by the Services Electronics Re-
Search Laboratory, while that: for Relay uses

an Eimac 10 kw multi-cavity klystron ampli,
tier.

Signals received from a satellite include a
CW beacon emission on 4080 Mc for track-

ing purposes, as well as a communications
signal on or near 4170 Mc. In view of the
limited bandwidth of the maser used. as a

low=nofise i_rst-stage amplifier _n _he receiver,
only the communications signal is amplified
in the maser though-b0£h signals are ampIi:
fied in a sec0nd-stage comprising a ibw:n01se
traveling wave::£ubeJ _ The beacon signal is
selected by a-waveguide filter and, after fre'

quency-changing, is applied to a narrowband
beacon receiver.

The communications signal is frequency-

changed in a down-converter to an IF of 70
Mc and. is then= aPplied t0 one of three FM
demodulators. One demodulator is of the

conventional limiter/discriminator type and
is suitable for use only when the received

signal-level is relatively high. The second
demodulator is of the frequency-modulation
negative-feedback type; it is particularly
suitable for-multi-channel telephony.: The

third derfioduiatbr comprises_a tuned circuit
which instantaneously follows the frequency
of maximum signal energy, tt_e bandwidth
being automatically adjusted according to
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the received signal level. The second and
third demodulators reduce the effective noise

band.width and thus enable relatively weak
signals to be satisfactorily received.

Tests and Testing Equipment

Although objective tests, i.e., measure-
ments of transmission characteristics be-

tween earth station "baseband input" and
"baseband output" via the satellite, can pro-
vide information on which the suitability of
the system for any form of signal transmis-
sion can be assessed, it is nevertheless of
value also to make subjective assessments.

To this end facilities have been provided so
that either one-way television pictures or
two-way telephony signals can be transmitted
for demonstration purposes.

One-way transmission tests via a satellite
are carried out either bet_veen pairs of sim-
ilarly equipped earth stations or "in loop."
In the latter arrangement, the signals trans-

mitted from a given earth station are re-
ceived back at the same station.

Under two-way transmission conditions
both of a cooperating pair of earth stations
energize the same satellite at slightly differ-

ent frequencies. For two-way telephony
transmission the Relay satellite includes two

separate receivers operating on slightly dif-
ferent frequencies, but in the Telstar satel-
lite there is only a single wideband receiver.
When working on a two-way basis via the
Telstar satellite the transmitter powers of
the cooperating earth stations must be con-

tinuously adjusted so that the signal levels
at the input to the satellite receiver are es-
sentially equal regardless of the distances of
the respective earth stations from the satel-
lite.

Many items of test equipment have been
provided for the objective tests. These per-
mit the measurement of insertion-gain sta-
bility, selective fading, noise levels, television

signal transmission characteristics, telephone
and telegraph signal transmission character-
istics, received carrier power levels, Doppler
frequency shifts and receiving system noise-
temperatures, etc. For multi-channel re-

lephony tests, white-noise signals simulating
up to 600 telephone channels are available.

In the case of subjective telephony tests,

baseband equipment has been provided so
that twelve two-way circuits assembled in
the ranges 12-60 kc or 60-108 kc may be set
up. For subjective tests of television trans-

mission, telecine equipment and high-grade
picture monitors, suitable for 405, 525, and
625-line standards have been provided.

For telephony demonstrations the audio
circuits are connected to the Post Office trunk

telephone network. The audio circuits are
also available for carrying out telegraphy,
facsimile and data transmission tests via the

Post Office Telegraph Branch Laboratories
in London. In the case of television demon-
strations, the video circuit is connected to
the Post Office television distribution net-

work, use being made when necessary of line-
stand.ards conversion equipment provided by
the broadcasting organizations. The compre-
hensive network of inland communications
provided for such demonstrations and tesi_u

is shown in Figure 10-10.

Conclusion

The station will undoubtedly play a useful
part in the acquisition of the information
and experience needed for the design and

construction of successful operational satel-
lite communication systems. It is of interest
to note that the whole of the equipment and
facilities provided, including the large steer-
able aerial, are of British design and manu-

facture, with the exception of Eimac klystron
used in the Project Relay transmitter.
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Cornwall, a decision was made early in 1961
to use ari 85-f0ot diameter steerable para-

boloidal dish aerial, Without a radome, for

tests with the Telstar and Relay and other
commun_chtlofi_atellites.

TeSts with smal|er Paraboloidai dish aerials
with the feed in the aperture plane had
Shown that a satisfactory electrical perform-

THE GOONHII.LY 85 FT. STEERABLEDISH _AERIAL

Introduction

The choice Of the basic type of aerial for

a :satelllte communication ground station is
of major importance in view of its influence
on the overa]i performance, cost and time to
complete theinstallati0n.

In the case_pf the eo_t 0ffice sate]i_e corn:
munication earth stationat Goonh_iiy Downs,
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ance could be obtained, and experience with
the 250-foot diameter radio-telescope at Jod-
rell Bank had shown that the mechanical

problems could be overcome.
An important factor in the present case

was the limited time---less than one year--

available for the design, manufacture, con-
struction and testing of the aerial.

Design Requirements

To specify for design purposes the require-
ments for such an aerial, it was necessary to
know the frequency range and aerial gain
required, the feed arrangements and radia-
tion patterns needed, the orbits of the satel-
lites and the proposed method of tracking,
the nature of the ground on which the aerial
was to be built and the weather under which

it must operate.
Radio waves in the spectrum 1000 to 10,-

000 Mc are suitable for satellite communi-
cation and the Post Office decided for the

Goonhilly aerial to limit its interest to the
range up to 8000 Mc. In the case of Projects
Telstar and Relay it had been decided that
the critical satellite-to-ground link would

operate at about 4000 Mc, the ground-to-
satellite link operating at about 6000 Mc

(Telstar) and 1700 Mc (Relay). System
study showed that an aerial gain of the order
of 55 to 60 db was desirable at 4000 Mc and

an 85-ft diameter 90 ° dish was chosen, giv-
ing a theoretical gain of 58 db.

By careful design of the feed unit mounted

at the focus in the aperture plane, the noise
picked up on minor lobes could be minimized.
As this would mean some fall-off in illumina-

tion toward the edge of the reflector, the
profile tolerance could be eased in the outer
zone. The tolerance ---+_,/16, i.e., +---3/16 inch
in this case, was applied to the central area
out to 50-foot diameter, and twice this toler-
ance between 50-foot and 85-foot diameter.
These =tolerances were to be maintained

under all weather conditions and angles of
elevation. Combined feed units for transmit-

ting and receiving were expected to weigh

several hundred pounds, and to hold them
at the focus, quadrupod legs were favored

straddling the center of the reflector, leaving
it free, if desired, for later conversion to
Cassegrain feed. Model tests showed that
the shadow cast by four legs 90 ° apart and
springing from the bowl on a 35-foot diam-

eter circle would be acceptable. Two of these
legs at 90 ° and 270 ° could provide direct
waveguide access to apparatus cabins at the
back of the bowl near its horizontal axis

while the other two legs at 0 ° and 180 °
could carry other services.

To cater for all likely orbits (circular and
elliptical) in equatorial, polar or inclined
planes and to follow satellites with periods

as short as two hours and heights of only a
few hundred miles at perigee, the aerial had
to provide hemispherical coverage and be
able to move rapidly. For the experimental
aerial the velocity and acceleration were
limited to 2 ° per sec and 1.33 ° per sec re-
spectively, sufficient to track satellites not
passing through or near the zenith. The
beam-width at 4000 Mc being only 0.2 ° at
the half power points, a tracking accuracy
of one-third the beam-width was called for.

Steering was to be from punched tape de-
rived from orbital data transmitted to the

Goonhilly Radio Station from the Goddard
Space Flight Center, U.S.A. Time informa-
tion was to be provided by a high precision
quartz clock with the facility for checking
against radio time signals.

The aerial site on Goonhilly Downs, Corn-
wall, is on the highest part of the Lizard
peninsula with all-round freedom from ob-
struction above 1/2 ° elevation. According

to Geological Survey Department, records
the whole area for at least half a mile beyond
the site boundaries rests on solid rock over

1000 ft deep which forms the largest single
mass of Serpentine in Cornwall. The rock

is tough, has indistinct cleavage, and is a
very suitable base for reinforced concrete
foundations on which to mount a precision
instrument.

A study of wind records for the Lizard

Peninsula for the last forty years showed
that although high winds peaking up to 90
mph for short periods could be expected
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almost annually, higher figures were most to the product of torque and angular speed,
unlikely, and winds above 100 mph virtually so that size of the driving motors will in-
unknown. Using a gust factor of 1.4 appro- _creitse rapidly as the full operational speed

I
l

priate to the terrain it was therefore required
that the aerial should have the following

properties:
1. Be fully operational in winds up to 55

mph mean X 1.4 -- 77 mph peak.
2. Be structurally and mechanically suit-

able for working in winds up to 65 mph
: _mean X 1.4 -- 91 mph peak.

=-3. Safely withstand winds up to 75 mph
mean X 1.4- 105 mph peak.

Design Considerations

If a radome is used to protect an aerial
from the weather, the aerial itself may be
relatively HghtYn construction and tI/e drive/

_coi!trpl requirements will be correspondingly
less stringent. However, energy losses in
receiving through the radome, especially
when the latter is wet, may lead to a sig-
nificant increase of the overall noise tem-

perature of the receiving system. The cost
of a llght aerial with a radome may also
be greater than that of a heavier and more
stable unprotected aerial.

The alternative approach, which was
adopted for the Goonhilly aerial, is to use

a heavy, stiff and stable supporting structure
together with a well balanced, stiffdish to
minimize deflections in high winds, driven

by motors normally working well below their
maximum Capacity.- The appTi_tlb_ these
principles has resulted in an aerial of good

accuracy and radio efficiency, at relatively
low cost.

So far as wind speeds are concerned the
first requirement is that the aerial must be
designed to survive the maximum winds it
can be expected to encounter. Next, consid-

eration must be given to the maximum wind
speed at which the aerial must remain fully
operational, i.e., maintain accuracy of shape
when moving at full speed and within the
specified following accuracy. The torque re-
quired to rotate the aerial in wind is pro-

portional to the square of the wind speed,
and the driving horsepower is proportional

m/_x]mum wind requ]remen_is raised. It was
not considered necessary, at least initially,

to provide drives able to continue rotating
the Goonhilly aerial at full speed in winds
gusting above 77 mph with the dish at the
angles corresponding to maximum wind

torque.
The expected satellite Orbits were such

that operational speeds-ln excess of 2_ per
second were unlikely except when a satellite

passes over or nearly over the earth station
zenith.

The selection of the azimuth speed re-
quired careful consideration since this speed,
combined w_th the _selected maximum oper-

ational wind speed, determlnes-the required

horsepower of the azimuth motor. The com-
bined horsepower of the azimuth and ele-
vatldn dr_ves must also be considered with

respect to the total electrical power supply
to be provided. For most of the time the
aerial was expected to be operatlng in winds
considerably below the maximum and at
speeds below its maximum operational Speed,
i. e., the drive horsepower normally required
would be very much below _he maximum
which may be occasiona_lIy required. If the

specified maximum azlm_m_i-_p-eed or the
maximum operational wind Speed were
higher than was strictly essential, the elec-

trical power requirements and the capacities
of the various transformers, switches, etc.,
would be correspondingly increased.

The azimuth speed was fixed at 2° per sec

giving a theoretical maximum drive motor
size of 75 hp. The torque/speed calculations
for elevation motion, after allowing for un-

balanced moving part-s,-_earbox losses, etc.,
indicated that a I00 hp drive motor was re-
quired. In practice, both elevation and azi-
muth drives were eventually standardized

at 100 hp.
The accuracy with which the aerial can be

made to follow a satellite when under auto-

matic control depends on the following fac-
tors :



684 RELAY I--PART III

1. The accuracy, rigidity and stability of

the structure as a whole and of its major

component parts.

2. The accuracy with which the actual

angular position in azimuth and elevation

can be determined at any time.

3. The reduction to a minimum of any
backlash or uncontrolled motion in the
drives.

4. The achievement of a stable and accu-

rate but fast-responding servo-control sys-
tem for the drive motors.

5. The provision of reliable and accurate

control signals to control the servo in accord-
ance with the demands of the satellite orbit
to be tracked.

Having regard for these factors, and for
the fact that orbital information would be

available already processed into demanded

azimuth and elevation angles at given times,

the following basic decisions were made to

enable the required tracking accuracy to be
achieved :

1. The dish supporting structure would be

of reinforced concrete, having a relatively

high moment of inertia so as to give a steady-

ing effect in gusty winds and high structural

stability against deflections from all wind

pressures.

2. Shaft angular position determination

would be by use of 16-bit optical shaft

encoders, giving a basic resolving power of

1 in 65536 (approx. 20 seconds).

3. The servo-control system would be of

the digital type, receiving incoming de-

manded angle information on punched tape,

comparing the demanded angle for each mo-

tion with the actual angle and finally passing

an analog error signal to the servo-system.

The results of the dependent structural,
mechanical and electrical decisions emanat-

ing from the basic decisions described above

are detailed in the following paragraphs.

General Description of the Aerial

The general arrangement of the aerial is

shown in Figure 10-11, and the components
are described below.

The Dish

Both the structure and the membrane

plating of the dish are of steel. The mem-

brane is an 8-gauge Corten sheet, having

good corrosion resistant properties, individ-

FZGURE10-11.--General arrangement of the antenna.
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ual plates being screwed to the supporting also of reinforced concrete, taken down to
structure and then continuously welded to the rock.
give good electrical continuity. Steel was
chosen as giving the optimum combination A_m_thMo_,t
of good strength and rigidity, and relatively The moving part of the azimuth mount is
low co-efficient of expansion with the mini- carried on 54 tapered rollers, running be-
mum cost. tween an upper and lower track of manga-

The balancing of the dish* is such that the nese steel, the tracks being 42 ft 6 in. in

natural tendency of the dish upper and lower diametei-, pre-assembIed and accurately ma-
edges to droop downwards as the dish moves chined to the correct conical taper as corn-
from the zenith toward the horizon is auto- plete rings. The rollers are carried in a built

matically opposed by forces in the balance- up circular frame held in position by 27
weight supporting structure. A drainage tubular spokes with a centraI hu_b revolving
system is provided for removal of rainwater, round a fixed center pivot. The hub is carried
and snow may be removed by depressing the on the center pivot by a heavy spherical

dish. The provision of a de-icing system for roller bearing, and a second similar but
an installation in southwest Cornwall was larger bearing on the pivot locates the mov-

considered unnecessary in view of the gen- ing part of the mount about the pivot. The
erally favorable weather conditions, arc of travel in azimuth is ÷ 250 ° from true

There are two steel cabins built into the south providing a 140 ° overlap on the azi-

structure behind the dish for housing radio muth circle. Located vertically on the fixed

apparatus as near to the focus as possible, center pivot post is a rigid tubular tower
The dish is supported on a pre-stressed structure on top of which the body of the

horizontal concrete beam via four large split azin_:[h s_iaft angle encoder is carried. The
roller bearings of the self-aligning type, one totaling disk of this encoder is driven from
of the center pair of these being arranged the rigid concrete roof of the turntable cabin
to take axial thrust. The elevation optical previously mentioned. It is thus a feature
shaft angle encoder is driven directly from of _gnthat both eneoders are moun_d
the thrust bearing by an arm and pin ar- with their axes on the relevant axis of rota-
rangement, tion of the instrument and are driven from

the axes of rotation.
The rotating part of the azimuth mount

The DishSupporflngStructure is fitted round its periphery with 46 teeth

The dish supporting structure comprises which engage with a 5 in. pitch, cranked-link
a horizontal concrete beam supported in turn roller driving chain of accuracy 0.015 per-

by three reinforced concrete portal frames cent on length and 140 tons breaking load.
the outer two of which were precast and This form of drive was chosen to avoid the
lifted into "position, and the inner frame use of large gear wheels or toothed racks
cast in situ. These portal frames stand on a while providing greater capacity for resist-

circular reinforced concrete turntable base, ing transient shocks. The chain is provided
which also carries a large cabin housing with tensioning sprockets on both sides of
radio .apparatus and accommodating the its free length; tension can be adjusted read-
main cable-turning device. The latter enables iIy by screwing the sprocket mounting blocks

connections to be made between equipment in or out in slides. The driving sprocket is
in'the moving part of the structure and fixed mounted on the vertical output shaft of the
equipment elsewhere without using slip- final bevel gear box; heavy steel frames set

rings. The concrete cabin is fully screened in the concre_ floor carry an outrigger bear-

with continuous copper sheeting. *Husband & Company Provisional Patent No.

The lower fixed portion of the mount is 12807/61.
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ing for the drive sprocket and support the
tension sprocket assemblies. The moving part
of the aerial, weighing approximately 900

tons, moves silently and smoothly at all
speeds, less than 2 hp being required to
rotate the aerial at full operational speed in
conditions of no wind.

The azimuth final bevel gear box is 8 ft
6 in. high and is preceded by a triple-reduc-
tion double-helical unit. The overall reduc-

tion ratio from drive motor to aerial is

3000:1 and all couplings are of the off-filled
gear type. The chain has an automatic lubri-
cation system, and phosphor bronze slide
supports under the whole of its free length.
There is also a combined automatic greasing
system for the 108 spherical roller bearings
in the taper rollers, the two center pivot
bearings, and for the manganese steel track
surfaces.

Elevation Mechanical D_ive

The bowl is rocked over its 100 ° arc in
elevation by a steel connecting rod attached
to a large nut on a 4-start 10 1/2-inch outside
diameter vertical screw, 32 ft long over the

screwed portion. The nut is split and has ad-
justment to enable backlash to be eliminate4.

The screw is located inside a fabricated

steel box and is carried in bearings at its

upper and lower ends. The screw box is at-
tached to the revolving part of the concrete
mount and the center concrete portal frame

at its lower end, and its upper end is attached
to a concrete cantilever built out at right
angles to the horizontal prestressed concrete
beam. The screw is driven at its lower end

by a single reduction worm box, preceded by
a single-reduction double-helical box; the
overall reduction between motor and dish

being again 3000:1. The reduction ratio of

the screw, nut and connecting rod system
itself is 181.5 : 1. This form of elevation drive

avoids the use of large gear wheels or heavy
circular racks for the final drive, allows the
dish to be supported by a number of bearings
along the full length of the supporting struc-

ture, eliminates backlash and gives complete
rigidity in the highest winds.

Azimuth and Elevation Elect,lcal Dr/vei

The two identical 100 hp dc driving motors
for azimuth and elevation are of the traction

type with skew slots, fan cooling, and a tach-
ometer generator attached to the non-driving
end of the shaft. Each motor has a top speed
of 1000 rpm at 480 volts, full load current
of 160 amps can be continuously sustained

in the stalled condition, and smooth-speed
range is 720:1. The couplings between the
motors and the first gearboxes also carry
brake drums on each of which two solenoid

operated brake shoes operate. The azimuth
motor shaft is equipped with a manually
operated disk brake for parking. Each of
the two motors has its own separate Ward
Leonard motor-generator set, mounted side
by side in a house built at the side of the
mount; the same enclosure houses the two
azimuth gearboxes and the azimuth drive
motor. The Ward Leonard room also contains

the ac panel for the two sets and a dc desk
for manual control of both aerial motions.

One part of the Ward Leonard room has
been separated off and houses helium recov-
ery plant and storage dewars. The room is
entirely shielded with copper sheeting to all
walls, roof and floor and copper gauze over
the windows.

The Ward Leonard system and servo-loop

are orthodox but the speed range of 720:1 is
considerably greater than that normally used
in this class of plant. The servo-amplifiers
and control gear are located in the main con-
trol building approximately 1/4 mile from
the motor-generator sets.

Control System

The digital control system is fully transis-
torized and there is a separate system for
each motion. The aerial can be driven from

the control desk either manually or under

automatic control from a punched tape (Fig-
ure 10-12). When under automatic control,
motion commences when the tape-start time
and actual time coincide. Thereafter, de-

manded angle information read from the
tape is stored, passed to an arithmetic unit,
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HOURS 1

MINUTES TIME (t - I) SECONDS

SECONDS

,DEMANDED AZIMUTH POSITION FOR TIME t

,DEMANDED ELEVATION FOR TIME t

"SPARE

, DATA (SLANT RANGE)

INCREMENTS OF AZIMUTH UP TO (t + 1/5) SECONDS
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INCREMENTS UP TO (+ * 3/5) SECONDS

,INCREM_ITS UP TO (t ÷ 4/5) SECONDS

, INCREMENTS UP TO (t ÷1) SECONDS

• SIMILAR INCREMENTS FOR ELEVATION

tion to the motion so that the actual angular

position of the aerial is the selected amount
in front of or behind the position demanded

by the tape. The desk also carries wind-speed
and direction instruments, motor start/stop
controls and colored-tamp signaling systems
indicating the state of all safety interlocks

of vital parts of the drive equipment. There
is also a digital display of control-clock time
and another of the time on the tape corres-

ponding to the displayed demanded angles.
If synchronism between clock and tape time
is lost, the aerial stops at the last demanded

position. The control desk also carries signal-
lamp systems indicating the condition of the
drive brakes, drive motor fans and lubrica-

tion systems on both motions and also red
warning lights indicating that the limit of
travel has been reached in either direction
on either motion.

In addition to lighting the red signal lamp,

operation of a limit switch at the end of the

: SP_K..OLES arc of travel also switches off the driving
......... power On that motion and so stops the motion.

FICURE10-12.--A section of control tape. To restart, a button in a special locked cabi-
net must be operated, when the aerial will

:-_+x-:=_ :_= =_::_-_ _:: ........ _ ±_: _utoma_ica]ly-mov-e out a certain distance

and then on to the comparator unit, which from the limit switch and then stop, after
also receives a statement of the actual angu-
lar position from the 16-bit optical shaft

angle encoder. The difference between de-
manded and actual angle is ultimately con-
verted to analog form and fed into the
servo-amplifier equipment which responds

accordingly. There is also a facility whereby
the+d_fferentTaI (rate of Change)+ of error is

used to eliminate hunting and overshooting
by reducing the rate at which the error is
reduced as the value of the error moves
towards zero.

The aerial control desk (Figure 10-13)

carries digital and analog displays of actual
position, a digital display of demanded posi-
tion, and manual speed controls for both
motions, together with drive-motor voltage
and current meters. When the aerial is under

aut0matic (t_pe): controlth_ normal speed
controls change their function and can be

used to apply a positive or negative correc-

which normal driving procedure may be re-
sumed.

Calibration and Testing

Profile measurements on the completed
dish were made with slip gauges against two
accurate templates, one for the inner area
and a secofid +fcir _he outer zone. About 1000
measuremehts=+_were plotted on probability

graph paper and showed 99 percent of the
measurements within+ the tolerances specified
with random distribution of error.

Before the dish was moved from its posi-

tion as built with axis pointing to the zenith,
an optical telescope was fitted in one of the
cabins behind the dish with its axis truly
vertical within 0:2 minutes. This then became
the 90 ° reference condition for the elevation
encoder. With the dish set to 60 °, 45 ° and
0 ° in turn by th_ efi_o_er, _heodoiite checks
were made of the angle of the peripheral
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FIGURE 10-13.--Antenna control desk.

plane, and agreement obtained to -+ 15 sec-
onds.

The azimuth zero on a true south bearing,
and checks of the azimuth setting accuracy
were obtained by viewing known points at
5 to 15 miles range through the telescope
fitted to the dish. The true bearings of those
points were computed by the Ordnance Sur-
vey Department to an accuracy better than
one second.

First indications that the finished aerial

would point accurately were obtained from
successive transit observations through the
optical telescope of Alpha Ursa Major.
Smooth curves of the azimuth and elevation
angles against time as this star moved across

the sky, showed that under calm conditions

a tracking accuracy of the order of one min-

ute could be expected.
When radio equipment became available

for testing the aerial, the horizontal radia-
tion diagram was obtained by measuring the
incoming signal strength from a 4000-Mc
transmission from a test site at Leswidden

some 21 miles from Goonhilly. The measured
beamwidth was found to be 13 minutes, com-
pared with a theoretical value of 12 minutes,
and the first side lobes were correctly spaced
on either side of the main beam.

Conclusions

Work was commenced on site on 1 June

1961, and the aerial had been tested and pro-
visionally calibrated so that it was in full
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operation on I0 July 1962. In the first eight-
een months of its working life the aerial has

worked satisfactorily with little attention.
The British concept of a stiff dish on a sturdy
mount without a radome has yielded an aerial
of high performance at relatively low cost.
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COMPUTING AND DATA Tff__O_'I_R :THE_PREDICTION STEERING

OF THE GOONHILLY SATELLITE-_OMMUNICATIGN AERIAL

Introduction 5_-_z[muth and elevation control systems,

During a satellite pass, the aerial mustbe _es per second throughout a satellite

steered so that its axis points continuously, pa_, statements of the azimuth and elevation

and with high accuracy, in the direction of

the satellite_ Of the various poss|ble methods
of achieving this result, that based on pre-

diction of satellite position has been adoPted
for the first transatlantic communicationexr
periments using the Telstar and Relay satel-
lites. The process by which orbital predictions
originating in the U.S.A. are converted to

substantially continuous real-time azimuth
and elevation pointing instructions at Goon-

hilly is described herein.

Planning Considerations
The following considerations influenced

the planning of the system. On the one hand,
data on the observed position of the satellite
at known times would be received at the

Goddard Space Flight Center, U.S.A. from
var]ous sources, including the world-wide

Minitrack network of tracking stations, and
wbuld be processed there to derive the basic

parameters of the satellite orbit, from which
the future position of the satellite could be
predicted. On the other hand, the need at
Goonhilly would be to present to the inputs

required at each instant (the "demanded"
azimuth and elevation) in digital form to
the nearest 2 -_6 revolution (0.33 minute of

arc).
- The passage from orbitalelements known

irFadvance at GSFC to angular demands in

real-timeat Goonhillywould involveconsid-

erable computation and, at some stage in

the process,transmissionof data acrossthe

Atlantic.The computation could be begun in

advance at GSFC, continued in advance at

Goonhilly, and completed in real-timeat
Goonhilly;the divisionof the work between

thesethree stageswas a matter forpractical

compromise. Advance computation at GSFC

would reduce the computing load at Goon-

hilly(and at any other stationsthat might

use similar data) but would increase the
volume of data to be transmitted.At Goon-

hilly,the experimentalnature of the project
would make it appropriateto carry out as

much of the remaining computation as pos-
sibie in advance; for this purpose it would

be -possible to empIoya'_general-purpose -com-
puter of well-estabils_[qe_-_desTgn, whfcl_-c6uld
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alsobeusedpart-time for other work such
as the analysis of records. The results of the
advance computations could be checked be-
fore the time of the satellite pass. However,

the need for subsequent data storage (e.g.,
on punched paper tape) would set a limit
here, and it would be convenient to leave
some simple computing to be carried out in
real-time by special-purpose apparatus in
the aerial control equipment.

Description of the Process
The considerations previously mentioned

have led to the following arrangements: at
GSFC the satellite position is predicted for
intervals of one minute throughout each pass,
and is expressed in topocentric Cartesian
coordinates, i.e., in a rectangular coordinate

system with axes in the directions east, north
and vertical and origin at the center of
motion of the Goonhilly aerial. Predictions
in this form are transmitted to Goonhilly
over a transatlantic telegraph circuit, and

the receiving teleprinter produces simultane-
ously a page print and a perforated tape (the
"Predictions Tape"). The data for each min-
ute occupy one line of the page print and are
accompanied by a "sum of digits" check. The
data message includes a statement of the

time to which the first prediction for each
pass refers, and is sent in a standard format

covering not only features visible on the page
print but also the incidence of all functional
characters (carriage return, shifts, etc.) that
will be punched on the predictions tape. The
time taken in transmission is about six sec-

onds for each minute of a satellite pass. When
the orbital elements for a particular satellite
are well established, predictions can be sent
once a week, to cover all the time during the
ensuing week that the satellite will be above
the Goonhilly horizon.

At Goonhilly, advance computations are
carried out by a small general-purpose com-

puter. The predictions tape is used directly
at data input to the computer, and the first
operation is to check the validity of the whole
data message (normally covering many
passes), applying the "sum of digits" check

and examining the tape for errors in format.
This operation is quite quick (0.13 seconds
for each minute of pass) and is preferably
concurrent with the reception of the data;
if an error is detected, all the data for the

pass affected are transmitted again.
For those parts of selected passes that are

to be used for communication experiments,
a further run on the computer, with the
predictions tape as data input, calculates and
prints azimuth, elevation and range for one-
minute intervals. This run takes 1.2 seconds

of computer time for each minute of pass.
The print is useful to show the general
nature of each pass. Specifically, it enables
the operator to make a decision that is
needed because the aerial is not designed
to rotate continuously in azimuth, but has
a range of movement limited to 500 degrees,
so that over a range of 140 degrees any direc-
tion has two alternative numerical values;
therefore two sets of azimuth values are

printed and if one set shows a discontinuity
the other must be selected. This decision

accompanies the input data to the computer
for the next operation.

The next stage represents the main com-
puting operation undertaken at Goonhilly,

and comprises the preparation by the com-
puter of a punched paper tape--the "Control
Tape"--bearing detailed azimuth and eleva-
tion data for the passes of interest. The pre-

dictions tape again constitutes the data input
to the computer. Working in the rectangular
coordinate system, fifth-order interpolation
is used to derive values for one-second inter-
vals from the one-minute data received from
GSFC. Azimuth and elevation are then de-

duced for the one-second intervals. Finally,

second-order interpolation is used to obtain
the full details required on the control tape
(see page 692), and the tape is punched.

The computer program is so arranged that
corrections whose values are predictable can
be applied to the calculated quantities in the
course of this operation. An obvious need is
for a correction in elevation to take account
of the effect of atmospheric refraction; this
correction is based on prior knowledge and
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has been included from the outset. If opera- the form of increments of angles rather than

tional experience brings to light any sys- complete angles (see page 692). In the

tematic departure of the electrical axis of aerial equipment, the control tape that has

the aerial from its mechanical axis* suitable been prepared in advance as previously de-

corrections can be added later, scribed is read in real-time, and the data are

Certain calculations not concerned with stored for periods of the order of one second.

aerial steering are included at this stage, to

avoid the need for a separate computing

operation ; these are :
1. Calculation of slant range. The value

is punched on the control tape for one-second

intervals, so that a real-time display can be

given, or automatic control of transmitter

power can be effected.

2. Calculation of Doppler shift to facili-

tate the adjustment of the radio receiver;

this information is required only in printed

form.

Concurrently with the punching of the con-

trol tape the computer prints, for one-minute

intervals, all the information needed by the

operating staff during a pass, namely de-

manded azimuth and elevation, slant range,

and Doppler shift.

The computations described, and the

punching of the control tape, occupy 80 sec-

ond_ for each minute of a pass; in other

words, this work takes 1.3 times real-time.

When the control tape has been punched,

it is checked in the computer; although it is

impossible to guarantee that the aerial will

never receive erroneous steering instructions,

a check at this stage is desirable because in-

correct tape punching is the most likely

source of error. Checking based, on repeti-

tion of the computations would take too long,

and checking against output data stored in

the computer would make excessive demands

on storage. The check therefore takes the

form of an examination of the tape for

plausibility and self-consistency, as described

on page 693. Checking takes 15 seconds
for each minute of a pass.

To complete the description, it is necessary

to mention the operations carried out in real-

time in the aerial control equipment. To

economize in paper tape, and. equally impor-
tant, tape-punching time, the azimuth and

elevation information punched is largely in

The equipment includ.es arithmetic units
which add increments to accumulated values

so as to make available, every 1/50 second,

the full values of demanded azimuth and ele-

vation.

Some Features of Computer Programing

The computer at Goonhilly is the version
of the National-Elliott 803 with 4096 words

of storage, two tape readers, and two tape

punches. The double input and output is used

for example when punching a control tape:
the main data tape is the predictions tape,

which is read by one reader ; the other reader

reads a data tape which specifies, among

other things, which pass and which part of

the pass is to be selected from the predictions

tape. On the output side, one punch prod.uces
the control tape and the other punches a tape

for print-out of operating data.
The 4096 words of storage are available

for either instructions or numbers and there

is complete freedom of choice between com-

pact, but possibly slow, programming and

fast, but possibly voluminous, programming;

generally speaking, the latter has been cho-

sen. The control tape punching program, for

example, uses about 2000 words of storage.

An example of the choice of a method giv-

ing speed at the expense of fairly lavish

storage is the calculation of the refraction

correction for elevation. This could have

been achieved by calculating some function,

say a polynominal, which approximates the

exact function; this would have involved.

storing, say, half a dozen constants. Instead,

a critical table of 213 constants is stored,

which allows the correction to be obtained

much more quickly.

*In this context, the term "mechanical axis" means
the direction defined by the readings of the shaft-
angle encoders that measure the "actual" position
of the aerial.
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One of the main steps in the control tape
calculation is interpolation to derive values
for one-second intervals from those for one-

minute intervals as given by the Predictions

Tape. Six consecutive one-minute values of
any particular variable define a fifth-degree
polynominal from which one-second values
are calculated for the interval between the
third and. the fourth of the six one-minute

values. Of the many methods of evaluating
this polynomial, building up from differences
is the fastest since it uses the relatively fast
operation of addition, the relatively slow op-

eration of multiplication being used only for
the calculation of leading differences. The
operation can sometimes be speeded up even
more by replacing the exact fifth-degree poly-
nomial by an approximating fourth or even
third-degree polynomial, depending on the
smoothness of the original data as indicated
by the maximum value of the fifth or fourth
difference respectively. With Telstar, fourth
differences are small enough to allow a third-
degree polynomial to be used.

Although the current programs are reason-
ably satisfactory, they are not necessarily
the best. For example, the control tape
punching program requires the calculation
of arctan and cosine functions. Standard

Elliott library sub-routines have been used

for these which calculate to the full precision
of the computer word, namely 38 bits. Since
azimuth and elevation are required to a pre-
cision of only 16 bits, these sub-routines
could be replaced by less precise, and conse-
quently faster, versions.

Details of Control Tape

The ultimate requirement is to present to
the inputs of the azimuth and elevation con-

trol systems of the aerial, in real-time 50
times per second, a complete statement of the
demanded azimuth and. elevation in digital
form to the nearest 2 -1" revolution. This

represents 17 bits for azimuth (the range of
azimuth motion being 500 degrees = 1.39
revolution) and 15 bits for elevation (100

degrees _- 0.28 revolution). It is impractical
to store all these data on punched paper tape,

and incremental operation must be adopted.
Suppose that, to describe the demanded

azimuth (or elevation), a single incremental
value is specified and that this is added to an
accumulated number every 1/50 second. The
result, assuming that the 1/50 second dis-
continuities are smoothed, will be a quantity
increasing linearly with time, representing

a demand, for a constant angular velocity.
A real demand, in which the velocity will not
in general be constant, can be approximated
by changing the value of the increment from

time to time; the real curve of angular posi-
tion as a function of time will then be ap-
proximated by a series of chords. The proc-
ess is analogous to linear interpolation be-
tween given values in a mathematical t_ble,
and it can be shown that the maximum error

that could be incurred (i.e., the maximum
possible departure of the chord, from the true
curve) is given by:

where

e ---- 1/8 a T 2
T ---- time-interval over which a constant

increment is added repeatedly
a ---- maximum acceleration during this

interval

e ---- upper limit to error during this
interval

The solution adopted is to prescribe in-
crements on the tape for intervals of 1/5
second, so that any one increment is added
10 times. The formula shows that the error

will not exceed 0.4 minute of arc at the maxi-
mum acceleration assumed in the structural

design of the aerial (1.33 degrees per sec-
ond per second).

Such increments of azimuth and elevation

constitute the main content of the control

tape. However, a complete specification of
demanded azimuth and elevation is essential

at the beginning of an automatic run, and
is very desirable at intervals afterwards, so

that any casual error may not be perpetu-
ated. The complete demanded azimuth and
elevation are therefore punched on the tape
for intervals of one second. This has the de-

sirable result that the concept of a specific



E

R

E

l

THE GOONHILLY DOWNS SPACE COMMUNICATIONS STATION 693

starting condition is avoided.; automatic con-
trol can begin at any desired time (within
about one second) during the period for
which a control tape has been prepared. The

scheme lends itself to a one-second cycle in
the punching of the control tape and the
operation of the digital part of the aerial
control equipment.

are within appropriate limits ; e.g., the hours
in a time must be less than 24, and the min-
utes and seconds less than 60. For azimuth

and elevation this check is applied not only
to the completely punched values but also to
those that will subsequently be formed, in the

aerial control system by adding the incre-
ments.

A 5-track tape is employed; four of_(the ..... 13_ Time_azimuth1 and elevation are con-
tracks are used. for numerical data, the _ tinuous : i.e.,
being reserved for a signal indicating"t]_e (a) each time is one second later than
beginning of each one-second cycle. The com- the previous time

plete punching scheme for one cycle is shown ..... (h) each azimuth (or elevation) agrees
in Table 10-1. with that formed by summing the azimuth

_ _:_:_i:: _:_or:elevafion) value and increments 0fthe

:_ S:" pr_-viouS second, 3ue allbwance being made
TABLElO-l.--Punching of Control Tape for the effects of rounding-off in calcu-

: lation.
Item Number of rows

Cyel_start signal ..........................

Time (hr, min, see) ...........................

Demanded azimuth ...........................

Demanded elevation ..........................

Slant range .................................

, Five increments of azimuth ....................

Five increments of eIevation ...................

Tape code ...................................

1

6

5

4

3

I0

10

3
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BEAM-SWINGING FACILITIESFOR THE GOONHILLY SATELLITE-COMMUNICATION AERIAL

Introduction

The mode of satellite tracking ad.opted at
the Goonhilly earth station is to steer the

:aerial primarily by means of predicted data
computed from the satellite orbital param-
eters and to superimpose, during the passage

Of _he satellite, corrections tO remove any
prediction errors or aberrations due the
transmission path. Predictions have proved
to be highly accurate for satellites having a

high mass to projected area ratio orb[ring

at altitudes of which air drag is very small ;
hence the corrections are small and infre-

quent.

: System Design

Aberrations in the predicted steering data
are]iI_ely to be greatest during the acquisi-

= =

tion phase when the aerial elevation is near
zero and when, in eonsequence, :tropospheric-
ray bending is greatest: It was assessed

initially that a beam swingof 1° in all direc-



694 RELAY I--PART III

tions from the boresight axis would, ade-

quately meet the most extreme condition, i.e.,
at the time of the earliest satellite passes

and prior to refinement of the orbital param-
eters. Provision was therefore made in the

original design for a swing of 1 ° but experi-
ence proved this to be in excess of require-
ment and it was subsequently reduced to
1/2 ° . The corresponding shift in the posi-
tion of the feed unit in the focal plane of an

85-ft focal-plane paraboloid is 3 in.
A beam deviation of 1/2 ° is equivalent to

2 1/2 beamwidths (3 db) at the frequency,
4080 Mc, at which tracking of the Telstar

and Relay satellites is performed. At this
deviation a degradation in aerial gain of
about 2 db is incurred and some beam dis-

tortion is present in the form of a coma
lobe on the boresight-axis side of the beam.
It was envisaged, therefore, that corrections

to the predicted steering data would be need-
ed, at least in the initial phase of a satellite
pass, to ensure that large beam offsets were
removed.

The feed-shift mechanism at the aerial

focus, l_y which the beam is offset from the
axis, is controlled through a hydro-electric

servo system from a console in a control
room about 1/4 mile from the aerial. This

form of control has the advantages, as com-
pared with an all-electric system, of lower
weight at the focus, a safer stalling condi-
tion and the removal of most of the moving

parts requiring maintenance to positions
where they are more easily reached.

After approximate acquisition, the devia-
tions of the satellite from the predicted

course are followed by means of a conven-
tional radar mode of tracking. No satis-

factory adaptation of the static-split feed
(monopulse) system is obvious when di-

plexed signals with circular polarization are
utilized, in a focal-plane dish. A conical-scan

feed system is therefore used. The require-
ments, however, are notably different from
those common to radar applications in which

pulsed signals are generally received from
a target whose course is likely to be erratic
and evasive. In contrast, the course of a

satellite is closely predictable and smooth
and the target is a cw beacon on the satellite
itself. A slow-speed scan in which the beam
rotates about a point 1 db or less from the

peak is therefore adequate. A slow speed, is
essential also to minimize the centrifugal
forces encountered in spinning a heavy di-

pIexed feed. The scanning speed is adjust-
able to avoid synchronism or harmonic
relationship with the ripples in the aerial-
radiation pattern of a spin-stabilized satel-
lite.

The optimum offset of the rotating beam
about the boresight axis depends on the
sensitivity of the display equipment and. on
the allowable loss from the peak gain of the
aerial. The latter is of particular importance

when, as in Project Telstar, the ground
transmit frequency in the diplexed signal
is higher than the receive frequency. The
transmit beam is then narrower and, for a
given offset, introduces a greater loss into
the transmit path than in the receive path.

For the aperture illumination employed,
Table 10-2 shows the approximate losses in
the transmit and receive paths as the offset
is varied. The transmitter frequency for
Telstar is nearly 6390 Mc and that for Relay

1725 Mc. The beacon frequency is the same
for both projects, 4080 Mc.

TABL_ lO-2.--Effect of Feed Offset in an 85-ft Focal-Plane
Paraboloid

Beam
offse';

deg

0.051

0.041

0.027

Feed
offset

in.

0.36

0.24

0.16

Beacon
signal loss

db

1.0

0.5

0.25

Transmit loss

Telstar Relay
db db

2.5 0.25

1.25 0.12

0.62 0.06

The system was provided initially with a
conical-scan radius for 1 db loss in the bea-

con signal. It was found, however, that the
sensitivity of the equipment was sufficient
to allow the radius to be reduced to the 1/4

db point. The transmit loss and signal modu-
lation at the conical-scan frequency were
reduced by this means.
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Description of Equipment

Beam-$w;nging Mechan|sm

The general arrangement of the beam-
swinging mechanism is shown in Figure

10-14. The tube marked "Aer!aI Fe_ Unit"
points towards the apex of rhenish and in the
central position its aperture is at the focus.

The frame, shown as cut away, is m_0unted on
a platform situated about 2 feet 0utside the
focal plane. Two motions of the feed =are
provided; one is the major beam-swlng mo-
tion in which the feed aperture°can'move

to any position within a circle originally of

6 in. radius but_ later limited to 8 in.; the
other is the conical-scan motion in which the
feed moves-c_rc-ular-IY _,]ti__arad3us (in the

final mod_ifica_n}_ of O.!6in. about an axis
fixed, by thebeam-swing motion. The radius
of:the conical-scan motion is m_difi¢_ simply
by changing an eccentric in the motor drive.

SPACE COMMUNICATIONS STATION 695

The:beam-swing motion pivots about gim-

bals at the rear and is effected by two hy-

drau!ic pistons mounted orthogonally in the
planeof the main _rame. The gimbals have
an internal clearance _sufficient to allow the

wavegUldJe c0mponents to be withdrawn
through them, without dismantling the main
structure. The rear section of the wave-

guide is fleMbIe to allow movement of the
feed relative to the external fixed, feeder.

Ti_e-hydraulic pistons are controlled by
servo-operated oil valves fed at 800 lb/in. 2
bya p[pellne from a hydraulic pump mount-
ed on the roof of the cabin on the azimuth
turntable of the aerial

The gimbalS for':the_Conical:scan motion

are placed midway on -t_h-efeed support tube,
the far endof wh|cl4-]S given a circular mo-
ti0n by a motor mo_ted _0htside:the beam-

swing gimbals::T_e_n_ral disposition of the
conical-scan gimbals results in this part of

Fmuai_ 10-14.--Schematic of waveguide feed @stem.
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the mechanism being sensibly in mechanical

balance. Counterbalance collars are placed

on the support tube fore and aft of the gim-

bals to balance completely particular feed
assemblies. The conical-scan drive motor

is fed from a small dc control set, originally

of the Ward-Leonard type but which is

shortly to be changed to the silicon-con-

trolled-rectifier type to minimize space,

weight, and the need. for maintenance. The
control set is mounted in one of the cabins

behind the dish and allows the scanning

speed to be regulated between 1/2 and 5 cps

by remote control.

The whole assembly is designed for mini-
mum maintenance and to withstand the

weather conditions encountered at Goonhilly
Downs. The weight of the mechanism, ex-

clusive of the external waveguide feeders, is
about 900 lb.

ConlcaI-Scan Control D;splay

A cathode-ray tube display is associated

with the conical-scan system to indicate the

divergence of the satellite from the scanning

axis in direction and angular magnitude

up to 8 minutes. When the direction of the

incoming beacon is off the axis of the conical

scan by a small amount, the output of the

beacon receiver is modulated, at the scan

frequency. The depth of modulation in-
creases as the deviation off axis increases

and determines the length of a radial trace
on the CRT. The direction in which the

satellite is off axis determines the phase of

the modulation and hence the angular posi-
tion of the trace. Erroneous indications of

direction d.ue to the modulation of the beacon

by the satellite spin are readily eliminated

by adjusting the conical-scan speed to be

nonsynchronous with the spin-stabilization

speed. A block diagram of the equipment is

shown in Figure 10-15.

A 50 cps magslip link relays the rotary
motion of the feed to the control console

where a resolver is driven to provide the

phase reference for the incoming beacon sig-

nal. The 2-phase output of the resolver is

fed directly to the magnetic deflection coils

of the CRT and. the input of the resolver is

derived from the beacon signal in the fol-

lowing way. The modulated dc output of the

beacon receiver is detected, amplified and
fed to a modulator which is so biased that

only the positive tips of the input ac wave

J 3 Ct_ TEST
OSCILLATOR

,SOCPS

VARIABLE SPEED --_ MAGSL|P

i i
WARD - LEONARD SET

AMPLIFIER MODULATOR __[ 1 .S kc PULSE

GENERATOR J

__ CIRCUIT

SYNCHRO ON( _

MAGSLIP RESOEVERIh

,:2o/,Oo,l-eq c,RcU,TSJ
UNIT _ CATHODE-RAY TUBE

i . @
SPEED INDICATOR

FIGURE 10-15.--Conical scan control and display.
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produce an output. The carrier source to the
mod.ulator is a 1.5 kc pulse generator in
which the pulse width is small. The pulsed
output of the modulator is fed to the input
of the synchro resolver through a drive am-

plifier. The necessity for pulsed modulation
is twofold; firstly, adequate transmission
through the resolver cannot be obtained at
the low conical-scan frequency in use, so
translation to a higher frequency is neces-

sary; secondly, it affords a simple means
of deriving a radial trace on the CRT with-
out dc restoration when the input is alter-
nating current. The tips of the forward

pulses are brightened to improve the pres-
entation and to blank the small backward

pulses. The result is a lobe as shown in the
sketch in Figure 10-15.

A 3 cps test oscillator is provided in the
unit to simulate the output of the beacon

receiver when the equipment is non-opera-
tional. The magslip-resolver link is also used
to provide an indication of the conical-scan

SERVO OIL

VALVE

J HYDRAULICPUMP

697

speed. A perforated d]s]( mounted on the
coupling between the mags|ip and the re-
solver modulates a light beam focused on a
photo-transistor. The output of the tran-
sistor is measured on a meter in terms of

the conical-scan speed.

Beam-Posltlon Control and Display

The beam-positioning equipment is shown

diagrammatically in FigurelO-16. The an-
gular offset of the satellitereIative to the

aerial boresight axis is a{sp_ayed on two
meters calibrated .......... " _-: _respechvelym__t_erms of
angular deviation in azimufh an-Kd-e-levation

up to 30 minutes on each side of the central
position. The meter alsplay is derived _fr-om
aerial feed-position indicators (]_near trans--

formers) mounted orthogonally on the beam-
swing gimbals. The outputs of the trans-
formers are rectified and fed to the relevant
center-zero meter.

Indication that the satellite is acquired is

shown on 3 lamps triggered at predeter-

i

" _ _ J 400 CPS

I OSCILLATOR

( I ERROR SIGNALAMPLIFIER

4080 Me"

I BEACON q
RECEIVER J

4O0 CPS
OSC ILLATOR

FROM AZIMUTH
SYNCHRO RECTIFIER

i
RECTIFIER j

CONTROL
JOY-STICK

SYNC HRO II

TO AZIMUTH
ERROR SIGNAL AMPLIFIER

), _ AZIMUTHOFFSET

_ ELEVATIONOFFSET

SATELLITE ACQUIRED
LAMPS

TTT
ACQUISITION

CIRCUIT

FIaURE 10-16.--Beam position control and display.
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mined stages of acquisition by the depth of
modulation imposed on the beacon signal by
the conically scanned beam. Indication of
complete acquisition is extended to other
lamps at points in the earth station where
the information is required.

Control Console

A two-position console, part of a suite of
six used for experiment control, houses the
conical-scan and beam-position presentation
units. A photograph of the two positions is
shown in Figure 10-17. The conical-scan
display CRT is under the hood on the left-
hand position. Test facilities for the conical-

scan unit, the scan speed indicator and
beacon output meter are placed immediately
above the hood. The aerial position is dis-

played digitally on the top panel. The hand
control for positioning the aerial beam is
on the desk below the CRT. The original
version of this control incorporated a spiral-
scan generator for wide-angle search but the

high accuracy of the predicted data supplied
by the GSFC made the provision superfluous
and it has been replaced by a "finger-tip"
ball-type control.

The righthand bay of the console houses

the beam-position unit and the satellite ac-
quisition circuits. The digital switches, by
which the corrections to be applied to the
predicted course of the aerial are signalled
to the aerial controller, are situated, at the
bottom lefthand corner of the panel.

The operational procedure is:
1. The functioning of the presentation

FIGURE 10-17.--Beam swinging console.
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units and the scanning mechanism is checked satellite has been sighted, while the aerial

before each satellite pass in conjunction with was waiting at zero elevation, i.e., when the

the Leswidden test station about 22 m!l_es satellite was yet below the horizon. Only
away. very occasionally has acquisition been de-

2. The conical-scan motion is applied at__layed until the elevation has reached 2 °.
the commencement of the pass and the radial This fact, and the accuracy of subsequent
display reveals any offset of the satellite
from the aerial beam.

3. The hand control is used to steer the

beam exactly on to the course of the satellite.
4. If the divergence of the beam from-th-e-

boresight axis of the aerial, as displayed on

tracking, reflects very favorably the high

accuracy of the predicted data obtained
from the Goddard Space Flight Center. After
superimposing standard corrections on the

predicted steering data, to account for trop-
ospheric refraction at low elevations, the

the beam-position meters, is more than about remaining corrections necessary during the
4 minutes (one-third beamwidth) then azi 7 period of a pass have generally totalled no
muth and/or elevation corrections to the more than 5 minutes. Corrections in azimuth

predicted course of the aerial are demanded have been a littel larger, totalling up to 10
of the aerial controller to restore the beam minutes. Adjustments in tracking by the
to its on-axis position. As the corrections beam-swing equipment and by over-riding
take effect the hand control is adjusted to

follow the satellite to its on-axis bearing.
This process is repeated as required during
the period of the pass.

Operational Experience and Conclusions

the predicted data have, so far, been applied
manually. Equipment to track the beam-

swinging mechanism automatically has now
been developed; further development to pro-
vide auto-track facilities for correcting the
predicted data from the conical-scan equip-

Experience in Project Telstar showed that ment is in hand.
the tracking facilities, as originally provided
with an extensive beam-swing capability
and automatic spiral-scan facility, were more
than adequate. These features have now
been modified. It had been expected that

acquisition would not be possible until the
aerial elevation was about 5 ° to 7 1/2 ° but,
in a very large proportion of the passes the

AUTHORS. This chapter from the United

Kingdom was contributed by the General
Post O]fice, London, England. The foregoing
section on Beam-Swinging Facilities for the
Goonhilly Satellite-Communication Aerial

was authored by C. F. DAVIDSON and W. A.
RAWLINSON Of the GPO.

CIRCULARLY-POLARIZEDDIPLEXER FOR THE GOONHILLY SATELLITE-COMMUNICATION AERIAL

Introduction

The diplexer described, transmits some 4

to 5 kilowatts of microwave power and
simultaneously receives a signal of the order
of a micro-microwatt from a communication

satellite, when used in"cofijunction with the
earth-station aerial at Goonhilly.

The earth-station transmitter and receiver
frequencies are 6.39 and 4.17 Gc respective-
ly, the sense of polarization of the transmit

signal into the dish aerial being lefthanded
circularly polarized and that of the received

signal from the dish aerial being right-

handed. Thus a broadband reciprocal polar-
izer is required in addition to the diplexer.
The details of the diplexer and the broadband
polarizer, which constitute one integral unit,
Figure 10-18, are discussed below.

The Diplexer

The transmitter power is launched in the

TEll mode in 2-inch circular guide through
a linear taper from a rectangular waveguide
(WG14). With the TEll mode, separate re-
gions of maximum ann m|n|mum power
density are produced at 90 ° intervals around



700 RELAY I--PART III

LINEAR TAPER

WG n TE lo

MASER INPUT ARM

• 4.17 Gc

COUPLING SLOT

EL _ THIN SEPTUM
WG 14 T \

t
2" CIRCULAR TEn

4.17 Gc RIGHT HAND

CIRCULARLY POLARIZED

ELLIPTIC WAVEGUIDE _1

( 4.17 .O.c LINEAR _

6.39 Gc LINEAR) _ _ AERIAL

BROADBAND DIELECTRIC

POLARIZER

6.39 Gc LEFT HAND

CIRCULARLY POLARIZED

FIGURE 10-18.--Diplexer assembly.

the periphery of the circular guide. If a

region of minimum power density d.ue to the

transmitted signal is chosen, the received

signal may be launched so that its plane of

polarization is transverse to that of the

transmitted signal in this region. This can

be achieved by suitable orientation of the

broadband polarizer axis in relation to the
axis of the transmit field electric vector.

Under these circumstances the minimum

coupling region due to the transmit field is

the maximum coupling region due to received

field, and the transmit electric vector is or-

thogonal to the received field electric vector.

If a narrow slot is cut in this region of

the circular guide, it will be non-radiating
so far as the transmit field is concerned but

will be excited by the received field, since
the slot is transverse to the received field

electric vector. The coupling slot is common

to the round guide and the transverse plane

of the rectangular waveguide (WGll). The

slot will not couple the whole of the received

energy to the branched rectangular wave-

guide, but if a thin polished metallic septum

is placed in the circular guide so that the

received field electric vector is co-planar with

the septum, then the entire received, energy

will be reflected and coupled to the rectangu-

lar waveguide. The field configurations and

a cutaway view of the dipiexer are shown in

Figure 10-19.

Considering the diplexer as a third-order

waveguide junction Figure 10-19, it is noted

that there is a plane of symmetry across the

terminals of arm 3. If the septum is placed

at appropriate distance from the terminal

plane of this arm, then the maser input arm

(i.e., the waveguide 11 arm) and the aerial

arm will behave as a perfect transmission

line provided that the impedance in the

branched guide is suitably adjusted in rela-

TE10 4.17 Gc

MASER ,_-:-----_{

ARM_il',l',nh'II

SEPTUM _i1_',,7=--_1111 COUPL NG SLOT

TE_16.39 C_

(TRANSMITTER)

E--

H ....

Er

t __ ...... i_[i)" _ _ POLARIZER

I
SEPTUM

E t TRANSVERSE COMPONENT OF THE E VECTOR

DUE TO TRANSMITTED SIGNAL FIELD

Er TRANSVERSE COMPONENT OF THE E VECTOR

DUE TO RECEIVED SIGNAL FIELD

FIGURE 10-19.--Field configuration Of the orthogonal

TE. modes and cutaway view of diplexer.
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(TRANSMITTERS)

tion to the slot impedance Z, as shown in
the transformer representation of the diplex-
er, Figure 10-20.

lE

where [ is the length of the slot and w is
the width of the slot.

According to Slater* the approximate
resonant length of a thin slot centered on the
transverse plane of the rectangular wave-

guide is given by the expression

iP---t #l __ 2aw2 (10.3)

where ,% is the free space wavelength. For

a rounded slot having w/_ less than 0.11,

equation (10.3) can be further simplified to

W
R =--

2

\ L

INTERFACE

,/_ = ! .449" THICKNESS = 0.025"

FIGURE 10-20.--Transformer representation of the

diplexer and dimension of the coupling slot.

The coupling between the aerial arm and

maser input arm is achieved, through a nar-
row rounded slot Centered in the transverse

plane of the rectangular waveguide 11. The
interface thickness between the round and

the rectangular waveguide is extremely
small. The effect of this slot on the funda-

mental mode of a Waveguide may be com-

puted from an equivalent circuit in which
the diaphragm is represented by a two
terminal impedance shunted across a trans-
mission line which is assumed to carry a
fundamental mode of the waveguide. For
all practical purposes the reactance function
of such a slot is given by the expression:

47rMZo
X--

ab ),g (10.1)

where M is the magnetic polarizability of
the sIot,.Zo is the characteristic impedance
of the waveguide, a and b are tl_e width and
the height of the guide, _ is guide wave-
Ieng_:h.

The approximate value of the magnetic
polarizability is

: __ W 2
16 (10.2)

[=_+ 0.273w (10.4)

This empirical relationship agrees well
with the experimental measurements and
the slot is found to be resonant within the

desired frequency range.

Experimental Results

From Equation (10.4), the following data
are obtained for the slot shown in Figure
10-20.

For a center-frequency of 4170 Mc,

Length of the slot_ .... 1.449" ± 0.003"
Width of the slot w... = 0.125" _+ 0.003"

Wall thickness between the rectangular
and round waveguid_... = 0.025" -----0.001%

Figure 10-21 shows the insertion loss and
the VSWR between the aerial and maser

input arm as well as the discrimination be-
tween the transmit and maser input arm.
The discrimination achieved over the trans-

mit frequency band exceeds 50 db.

The Broadband Polarizer

The prigciples of the broadband polariz-
ing d.evice may be best understood by con-

sidering the characteristics of a circularly
polarized wave. Consider two linearly polar-
ized waves, propagating in a positive Z di-

*J. C. Slater, "Microwave==Transinission," 1942,

pp 185-187, McGraw-Hill Book Co., Inc., New York.
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MASER

TRANSMffTER 6.39 G¢ __ -- AERIAL

1,0

0.8

0.6

0.4

0.2

0
4.00

VSWR

iNSERTION LOSS

4.15

0.2 r
O

0.1

g.

4.20
i

4.05 4.1o

FREQUENCY IN Gc

60

50

40

30

20

10

0 --
6.37 6.38 6 39 6.40

FREQUEt_Y It_ C_

6.41

FICURE 10-21.--Insertion loss between aerial and

maser input arm and discrimination between
transmit and maser input arm.

rection in space quadrature as shown in

Figure 10-22, and described by

El=E0sin (_t--flZ),

E2=_Eosin (,,,t -- flZ + O) (10.5)

where 7 = constant; B = phase constant =

If one considers _ = _/2 at a plane Z = 0,

then

El = E0 sin ,., t and E2 = _ E() cos _ t

(10.6)

eliminating the time dependence gives the

locus of these waves:

El 2 E22
_- -- 1 (10.7)

Eo 2 _/2Eo 2

This is the equation of an ellipse with axes

2 E_) and 2 _ Eo.
The resultant of these two components

traces out this ellipse as it rotates in time.

Such a rotating wave is termed an elliptical

polarized wave, the polarization elipse at a

plane Z = 0 being shown in Figure 10-22.

A special case arises if _, = 1, when the locus
reverts to a circle giving a circularly polar-

ized (C. P.) wave. Circular polarization is
therefore an ideal case of elliptic polariza-

tion, and is generally approximated in prac-

tice by elliptical polarization with an axial

ratio approching unity. Such a wave is also
referred to as Circularly Polarized without

further qualification. The most usual man-

Y

E 2

/

/
x

DIRECTIONOF PROPOGATION

Z

Y

POLARI ZATION ELLIPSE

ATAPLANEZ=0

2 X . "

7=0

LINEARLYPOLARIZEDCOMPONENTSOF
AN ELLIPTICALLYPOLARIZEDWAVE.

POLARIZATIONELLIPSE

FICURE 10-22.--Eliptically polarized waves.
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ner of denoting the quality of such a wave

is by the following ratio :

Minimum of the transverse

component of the electrical field Eo 1

Maximum of the transverse ___ _ E0
component of the electrical field (10.8)

_;ense of Polar;cot;on

It should be noted that the sense of polar-

ization is ambiguous unless one clearly states

the reference plane. The C. C. I. R. adopted,

at its Xth Plenary Assembly (Geneva,

1963) * a definlti___n_accordingto which a

righthanded circularly polarized, wave is one

in which an observer, looking in the direc-
tion of propagation, sees the electric vector

rotating clockwise in a fixed plane.

Design of the Dielecfrlc Plate

The two orthogonal components given in
Equation (10.6) may be generated-by estab-

lishing a linearly polarized wave E, Figure
10 23, at an angle of 45-°-to a differential

phase shift section, such as a waveguide par-

tially filled with dielectric,

703

 i-f z

FIGURE 10-23.--Generation of a C. P. wave.

Consider the incident wave E splitting

into two orthogonal components E1 and E.:.
Assuming the dielectric plate thickness to

be considerably smaller than the length of

the plate _, the wave E._, in the plane of the

plate will be retarded in phase compared

to E_, the differential phase shift between

E_ and E._, wil]:l_e governed by the following

relationship :

.¢=2_[11 11 (10.9)

where 7_1 and "/,j2 are the guide wavelengths
for the two orthogonal linearly polarized

waves E_ and E2. Clearly the effective di-

eiectrlc_co-fistafit _., corresponding to wave E_,

will be greater than the effective dielectric

constant _ corresponding to wave E_ and

consequently

,ko 2

_o

(10.10)

where .\_ is the cut-off wavelength of the

dominant mode, and A. is the free space

wavelength,

For broadband operation the differential

phase shift _ must remain approximately

e_ualto 90 ° throughout the-entire frequency

spectrum of interest. The effective dielectric

constants _, and ¢_ are not directly comput-

able and. hence the length f can only be cal-

culated by finding _he propagation constants
for the two orthogonal waves E1 and E.,. In
order io do this one must solve a transverse

eigen-value equation for each wave which

is due to the bounclary conditions at the

dielectric-air interfaces. Such a calculation

has been made for a polarizer in square

guide, and it has been found experimentally

that the results hold. good in a circular guide

having the same cut-off frequency as that of

the square guide.

Consider two orthogonal H-waves propa-

gating in the Z direction in a partially di-

electric-filled square guide as shown in

Figure 10-24, E and H being of the form:

E = Eoe -i(_t-BZ), H = Hoe _('_t-BZ)

and Ez = 0.

E:, is assumed to be continuous over the
air-dielectric media I and II and dielectric-

air media II and. I.II. The phase shift for

the component _?fthecircularly polarized

*Documents of the Xth Plenary Assembly of the

C. C. I. R. (Geneva, 1963).

E
m
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Y

-_-d d--_
c

Z

_X

Fm_z 10-24.--Partially dielectric filled waveguide.

wave which travels parallel to
of the dielectric wedge is:

where

the plane

(10.11)

27r

k-----
Ao

tan p s cot q
--=-- • --, (10.12)

p d q

where p and q are unknown and s = C/2.

It has been shown* that p and q satisfy
the following equation:

: -- ; : K k _ -- f12
(10.13)

where K : cl
t[O

q=s k2(K-1)-t--;
u b

(10.14)

A similar analysis can be made for the
perpendicular component but in view of the
fact that the thickness of the dielectric

wedge is considerably smaller than the
length, it can be assumed that the phase shift

for the perpendicular component is
_ ---- 2 _/_g per unit length where _ is air
filled guide wavelength.

The following parameters were used for

computation of the differential phase shift _ ;
see Equation (10.9).

/ = 4170 Mc
a -- b ---- 1.75"
c _ 0.125"

C
0.0625"

s -- 2 --

d : 0.8125"

For a dielectric consisting of P. T. F. E.
K = 2.01 and

2,
k -- _ 0.873 radian.

ho

Solution of p is obtained from equations
(10.12) and (10.13).

tan p s cot q
p d q

p ----73.2 ° : 1.27 radian,

.'. ,2 : _/(-_) 2-- (-Pd)_ 0.615 radian/cm,
27r 2_

0.515 radian/cm,
_i-- hg -- 12.2--

• •_ -- "/2-- v, = 0.1 rad/cm -- 14.6°/inch.

According to the above calculation the re-
quired, length of the dielectric wedge is
approximately 6.2 inches. However, the pre-
ceding calculation does not take into account
the effect of tapering, and this is difficult to
allow for precisely. In order to determine
the shape of the wedge, see Figure 10-25,
the following procedure has been adopted.

-_m = 2.5"-----'-----_ _ -- 3.75"------_

FIGURE 10-25.--Dimensions of the polarizer.

*L. Pineherle, "Electromagnetic Waves in Metal
Tubes Filled Longitudinally with Two Dielectrics,"

Phys. Rev., Sept., 1944, VoI. 66, pp 118-130.
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Assuming a length of the wedge ---

inches, then

minimum tapered length 0.75 x, at 4170
Mc ---- 3.75 inches,

diameter of the circular guid_ _ 2 inches,

mid-section length of the wedge/_ ----

(_-- 7.5) inches,

The overall effective area of the wedge is

(/X2) -- 7.5 -- 12.4 ; hence [-- 9.95 inches.

Based on the foregoing a wedge was pre-

pared_ith :an'0veral! length of_io _ {nches
and. 3.75 inches tapered length; the meas-
ured ellipticities_were found to be better
than 0.8 over the band 4 to 6.5 Gc.

The P. T. F. E. wedge is held in position
inside the 2-inch circular guide by means

of eight dielectric pins penetrating slightly
into the narrow dimension of the wedge.

These dielectric pins are in turn sealed by
thin metal sleeves.

Dispersion in DielectricPlates

In general the thicker plates have better
dispersion characteristics but the discontin-

uity introduced by a quarter=inchthick plate

is sufficient to cause generations of higher
order modes at the transmitting frequency
(6.39 Gc), and a one-eighth inch thickness
has therefore been used. This overcomes the

difficulties due to overmoding but increases

dispersion, the differential phase shift then
being no longer constant over, the required
bandwidth. This has led to the investigation
of means for providing compensation for
dispersion.

Chu* has shown analytically that a slight-
ly distorted circular guide can propagate two
distinct transverse electric modes along the
two axes of the ellipse. These two modes
are usually known as the odd transverse
electric (OHm) and. the even transverse elec-
tric (EIt,) waves. If a small section of
elliptic guide (slightly distorted circular

guide) is used in tandem with the polarizer
and by giving proper orientation of the axes
of the elliptic guide with reference to the

dielectric plate it is possible to give slightly

different phase velocities to the two orthog-
onal components of the circularly polarized

wave.
The values of relative phase difference be-

tween the even and the odd mode in elliptic

guide have been calculated for various values
of h. Ellipticities better than 0.9 over the
band 4 to 7 Gc have been obtained as shown
in Figure 10-26, using the elliptical guide

compensating section in tandem with the di-

electric plat e polarizer.
The loss of the polarizer comprises two

parts_ L_A,.,IOss due tO dielectric absorption
and loss due to imperfect circularity of

polarlzat!on, t_he noise temperaiure-due to
the polarizer being about 1.5 ° K.

ELLIPTICCO_I'ENSATEO

I.(

vswz

- , vswll -- i .D

FEQUI'NEy IN G_

FIGURE 10-26.--Polarizer characteristics:

Establishmentof Field Vectors

Returning to the question of establishing
two orthogonal field_ for the transmitted

and received signal (Et and Ey, Figure
10-19), consider the situation Where the re-
ceived signal from the aerial is to be right-

handed circularly polarized and the trans-
mitted signal into the dish aerial is to be
lefthanded. In both cases the component
with suffix_2, Figure 10-27, is phase d_layed.

The polarizing section must then be oriented
with reference to the transmit field electric

vector Et, while the receiving field electric
vector EY", is delayed by 180 ° with respect

*Lan Jen. Chu, "Electromagnetic Waves in Ellip-

tic Hollow Pipes of Metal," J. Appl. Phys., Septem-
ber 1938, Vol, 9.



7O6 RELAY I--PART III

to E_,, the resultant E_ then being ortho-
gonal to E,

Conclusion

The diplexer and the broadband polarizer

system described have been successfully used

in the Goonhilly earth station installation
for tests with the Telstar satellite.

A slightly modified, version has been used

in a combined feed assembly to provide com-

munication via both Telstar and Relay satel-

lites; in this modified version of the diplexer

the transmitter power (1.7 Gc) for Relay

propagates through a 5-inch circular wave-

guide enclosing the 2-inch waveguide' diplex-

er used for Telstar. This combined feed.

assembly is described in detail in the follow-

ing chapter.

Eft E / AERIAL

AERIAL _'I

_._L [_N HANDED POLAR IZ ER_ E '2

X c,P.wAw ?///j RIcm"ANDED
Et 1 Et Et_ E Ey _E C,P. WAVE

DIPLEXER DIPt.EXER

OUTGOINGT_ANSMITTEDSIGNAL INCOMINGRECEIVEDSIGNAL

FIGURE 10-27.--Establishment of two orthogonal

fields at the diplexer.

AUTHORS. This chapter from the United

Kingdom was authored by the Gene_'al Post

Office, London, England. The foregoing sec-

tion on the Circularly Polarized Diplexer for

the Goonhilly Satellite-Communication Aeri-

al was authored by D. CttAKRABORTY and

G. F. D. MILLWARD of the GPO.

PRIMARY FEEDS FOR THE GOONHILLY SATELLITE-COMMUNICATION AERIAL

Introduction

The 85 ft diameter aerial at Goonhilly

Downs, Cornwall uses a focal-plane para-

boloidal reflector illuminated from a primary

feed at the focus. Circularlly polarized
waves are transmitted and received. For

optimum gain and uniformity of the aerial

radiation patterns, circular symmetry of the

primary feed radiation pattern is desirable.

The primary feed has therefore been made

circularly symmetric.

The following terms, which are particu-

larly applicable to large-aperture low-noise

parabolic reflector type aerials, are used in

the following account of the feed design:

Aerial gain factor (G); the ratio of the

actual gain obtained to that of a uniformly

illuminated aperture of the same area.

Illumination efficiency (e); the ratio of

the energy illuminating the reflector to the

total energy radiated by the feed.

Radiation spillover; the energy radiated

by the feed, not illuminating the reflector.

System figure of merit; the ratio of aerial

gain to the total receiving system noise-tem-

perature in 4egrees Kelvin.

Other terms and symbols used are given in

Table 10-3.

TAnLE lO-3.--List of Symbols

G : Aerial gain factor
e : Illumination efficiency

_ Angular half-aperture of aerial, i.e., angle
subtended by reflector periphery to the focus

_b----Angle subtended to focus
GI (_b): Gain function of primary feed radiation

pattern
Go : Primary feed gain when _ = 0

G _/_ = Aerial gain factor when _ = ,z'/:_

fl = Phase constant = h,_

k= w(#_) '/_

k. : X/Id - 13_
# = Permeability of medium (ttenrys)
e _-- Dielectric constant of medium (Farads)
h _ Free space wavelength
_¢= Waveguide cut-off wavelength
Xg: Guide wavelength
w ---- 2_ × frequency

= Radius of waveguide
0 __ Angle subtended to center of waveguide

aperture
J,(x) : Bessel's Function of nth order

Primary feed radiation patterns usually

have a field intensity which is maximum in

the direction of the vertex and which tapers

towards the periphery of the reflector. Spill-

over is normally permitted to obtain an op-

timum gain factor. However, for the recep-
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tion of low-level signals, when the aerial is

pointing towards a low-temperature sky,
some consideration must be given to spill-

over which results in the reception of ther-
mal radiation from the earth. The spillover
permitted with a receiving aerial may then
be less than that with a transmitting aerial
for optimum working conditions. The op-
timum spillover for reception also varies

with the aerial elevation, but 5 degrees is
an appropriate elevation for consideration
since then the sky temperature has the fair-
ly low figure of about 20 degrees Kelvin
(°K)* and the spillover noise temperature

is very nearly maximum. At low angles of
elevation, approximately one-half of the
spillover energy is at the average sky tem-

7O7

at the reflector periphery is then about --10
db relative to that at the vertex.

In the case of the focal plane paraboloidal
reflector, the angular aperture, ¢, is 7r/2 and
the gain factor is:

rr/2

G_./2--II [G_(¢)] 1/'-'tan (¢/2)d¢ 12
#

/o (10.17)

For the feed pattern given by Equation
(10.16), the gain factor is only 0.57. To
obtain a higher value therefore it is neces-
sary to broaden the feed pattern allowing
some spillover. This can be considered an-

alytically by assuming a primary feed pat-
tern given by:

perature (assumed to be 60 K) and the other ........ GI(¢) = Go cos" m,_,...
half at the temperature of the earth. _ .......

The experiments with the Telstar and Re-

lay satellites require transmitting frequen-
cies at the ground stations of about 6390
and 1725 Mc respectively, and a common
receive frequency of about 4170 Mc. The
initial time available for development made

it imperative to consider at the outset a
separate primary feed design for each ex-
periment. However, a composite feed unit

capable of accommodating all three fre-
quencies is now in use.

Aerial Gain Factor and System Figure of Merit

The gain factor of a parabolic aerial is
given bY* :

cot -0-¢ _¢[ _,2Gr(_)G = tan (d,/2)d _ ]_o
2 )t

o

(10.15)

Classes of primary feed patterns consid-
ered analytically by Silver are given by:

GI¢_ -----Go cos'_ (10.16)

between the limits ¢ ---- +,/2 and --W2, and

where n -- 2, 4.... etc.
When n -- 2, the optimum aperture _ is

about 66 ° and the gal_l factor obtained is
about 0.83. The primary feed illumination

(10.18)

between the limits m _ -- +_r/2 and --,d2,
and where m lies between 0.5 and 1.0.

0.8

0.7

0.6 0.7 0.8 0.9 T.0

m

Fmuan 10-28.--Variation of aerial gain factor

with m.

When the gain factor obtained from Equa-

tion (10.17) is plotted against the param-
eter m, the curve in Figure 10-28 is obtained
for n --_ 2. This curve indicates that an

optimum gain factor of about 0.78 is ob-
tained with m _ 0.7.

When the effects of radiation-spillover are

considered, the following approximate for-

*D. C. Hogg: Problems in Low Noise Reception

of Microwaves, I. R. E. Trans., Nat. Symp. on Space

Electronics and Telemetry, 1960, p 8-2.
*S. Silver: Microwave Antenna Theory and De-

sign, M. I. T. Radiation Laboratory Series No. 12.
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mula for the system noise temperature is
obtained :

Ts = T1 + eT_ + (1 -- e_______)Ta + (1 -- e) T4
2 2

where

T1 = noise temperature of the receiving
equipment (apart from the aerial)

T2 = sky temperature seen by the aerial
main lobe (20°K is assumed at 5 °
elevation)

Ta = average sky temperature, assumed to
be 6°K

T4 = effective ground noise-temperature
Curves are plotted in Figure 10-29, giving

values of figure of merit for an 85 ft diam-
eter focal-plane aerial with various values
of ground noise-temperature and with a

receiving apparatus noise-temperature of
50 ° K. A ground temperature of 280 ° K
is the figure assumed where the reflection
coefficient of the earth is zero, i.e., the earth
is regarded as a black body radiator. A

temperature of 180 ° Kelvin is where the
ground reflection coefficient is about 0.6, as
estimated, at Goonhilly Downs, and the case
of 6° Kelvin is where the use of an earth-

5I
1.4 -

'o

1.3

1.2
u.

1.1

1.0
0,5 0.6 0.7 0.8 0.9 1.0

FIGURE 10-29.--Dependence of system figure of merit
on the radiation pattern of a primary-feed illum-
inating an 85 ft diameter reflector.

screen is possible, giving an image of the
sky in the lower hemisphere of radiation.
The latter is an interesting case because the
spillover temperature is lower than that of
the main lobe. The condition for maximum

figure of merit is then very nearly coincident
with the requirements for maximum gain
factor, and the effective aerial temperature
is less than that of the main lobe. Optimum
figures for the three ground temperatures

and for apparatus temperatures of 50 ° and
30 ° K are summarized in Table 10-4.

TABLE lO-4.--Optimum Performance Figures of the Focal-
Plane Paraboloid for Various Ground Noise Temperaiures

Equipment temperature =50°K
Sky temperature =20°K

Ground
temperature
(degrees K)

280

180

6

28O

180

6

0.8

0.77

0.69

0.815

0.78

0.68

System
Figure of

merit (db)

41.2

41.3

41.6

42.6

42.7

43.1

Aerial
gain

factor

0.758

0.77

0.777

0.75

0.765

0.777

System
noise temp.
(degrees K)

73.1

72.8

68.6

52.5

52.4

48.7

Primary feed radiation patterns for m
values of 0.8 and 0.69 are shown in Figure
10--30.

50

70

80

9O

110

_DEGREES_

,2o io o lO 2o

30 Lf. _

40 40

5O

60

70

8O

9O

100

HO

-- m = 0.8 _ETWI'[N[.I,MII5 m_' = t
-_- m=O.7

FzGuaE 10-30.--Primary feed radiation pattern.

i
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Radiation from a Small Aperture
? J _:: : :

The radiation patterns of a TEll wave
from an open-ended circular waveguide have

been calculated by Chu*, and the normalized
patterns are given by:

The E-plane field

2(l +-_-.cosO)Ji(kasinO)
_ (E-plane) ---

but then the breadth of forward radiation
would not be obtained.

A circular flange placed about the wave-

guide aperture has a marked effect upon
both the rearward radiation and the shape
of the forward lobe. A feed with a 3-1/2-

inch diameter flange about a 2-inch aper-
ture has measured radiation characteristics
showing reduced rearward radiation al-

though increased directivity. The aerial gain
factor and noise temperature obtained with

(10.19) this feed are estimated to be 0.53 and 5°K
respectively. Improved radiation patterns

....... _were, however, obtained by placing the
flange at critical distances behind the aPer-
ture, and further improvements were made

by using two or more flanges. Experiments
resulting in 3-inch and 4-1/2-inch diameter

(10.20) flanges, positioned 1/4 and 1-1/2 inches re-

and the H-plane field,

ElH-plane) --

[_--+cosO] [Jo(kasinO)--J_(kasinO)]

• _21p I

spectively behind the aperture, yielded the
......... radiati_on patterns shown in Figure 10-32.

At 4170 Mc, the E and H Radiation pat- Since the waveguide wall adversely affected
terns from a 2-inch circular waveguide (Fig- the pattern, its thickness beyond the 3-inch
ure 10-31) show that for use as aprimary-- flange was reduced to a knife-edge. The
source of a low-temperature aerial the rear- Telstar feed is based on the above, but the
ward radiation is excessive. It could be re- Relay and composite feeds with 5-inch diam-

duced, by increasing the waveguide aperture, eter tubes have alternative flange assemblies.

" DEGREES _ .........

7,
5O

7O

8O

130

110

_ E - P_NE PATffRN

:" .... H - PLANE PATTEllN :

FmURE 10-31.--Radiation pattern (}heoretical) of
":oNfi ended 2 inch diameter circular waveguide.

DEGREES--

20 10 10 20

30 0.9 30

40 0.8 40i

50
50

70

9O

_ooi _cv
i E - PtANE PATTERN

----- H - PLANE PArf_N

FIGURE 10-32.--Radiation patterns of Telstar feed.

*L. J. Chu: Calculati0n Of the Radiation Proper-
ties of Hollow Pipes and Horns, Journal of Applied
Physics, September i940, (2, p 603-610).
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Telstar Feed

Genera/

The Telstar feed is in the form of a di-

plexer, the transmit frequency being higher
than the receive frequency. Greater empha-

sis has been given to obtaining optimum
operation over the receiving band about 4170
Mc. But since the minimum usable aperture

at this frequency has a diameter of about
2 inches, a more directional feed pattern is
obtained at the transmit frequency, result-

ing in slight aerial beam broadening and
reduced gain factor. Since the flanges used.

for pattern shaping and noise reduction at
4170 Mc affect only slightly the 6390 Mc

pattern, the form of aperture used in the
Telstar feed (Figure 10-33) is that referred

to in the description of the Telstar feed on
this page.

Matching

The impedance discontinuity at the feed
aperture without compensation is greater at
4170 Mc giving a VSWR of about 0.74 com-
pared with 0.96 at 6390 Mc. Matching is
provided by interposing within the wave-

guid.e a section of guide of different impe-
dance. The waveguide section is realized in
practice by fitting a dielectric sleeve of the

RADIATION

DIELECTRIC MATCHING SLEEVE [_

PATTERN
SHAPING
FLANGES

FICURE 10-33.--Telstar feed.

required dimensions within the 2-inch diam-

eter guide. The sleeve has only a small effect
on the matching at 6390 Mc as the length is

about 0.5 _ g at this frequency. The position
of the sleeve and its thickness are such that

improved matching is obtained at 4170 Mc.
A VSWR of greater than 0.97 was thus

obtained over the transmit and receive fre-

quency bands.

Description

The Telstar feed (Figure 10-33) has the

circular brass flanges soldered on the out-
side of the waveguide, the aperture end of
which has been chamfered. The dielectric

matching cylinder is of P.T.F.E. and is set
into a slight undercut in the waveguide.
Adjustments to the position of the aperture
on assembly are made by inserting circular
waveguide spacers between the connecting
flanges of the primary feed and the wave-

guide feeder.

Feed Performance

The radiation patterns of the Telstar feed

(Figure 10-32) show that at the receive
frequency the average illumination taper is
about --13 db at -+ 90 °. The aerial gain

factor obtained from the feed pattern and
the use of Equation (10.17) is estimated to
be 0.66. The illumination efficiency is _about
0.966 and with a noise-temperature of
180°K due to the surrounding terrain, the

effective increase in system temperature due
to spillover is 2.5°K with the aerial at 5 °
elevation. The pattern at 6390 Mc is con-

siderably more directional and yields a gain
factor of 0.51 and an illumination taper of

about --21 db in the focal plane.
Aerial radiation patterns, calculated from

the average primary feed patterns, have

half-power beamwidths of 12.2 and 8.2 min-
utes at 4170 and 6390 Mc respectively.

Relay Feed

General

In the case of the Relay feed, with the
lower transmitting frequency of 1725 Mc,

compared with the Telstar feed, a larger



R

R,
/

THE GOONHILLY DOWNS SPACE COMMUNICATIONS STATION 71i

feed aperture was necessary. Since, how-
ever, maximum _:er_ai efficiency and low

noise temperature was again required at
the receive frequency, it was imperative to
consider the design of individual primary
sources for transmission and reception. Of

the types of feed in vestlgated, a coaxial aper-
ture was considered, effective, the 1725 Mc
signal being transmitted through a coaxial
waveguide in the TE_ coaxial mode, and

the 4170 Mc signal being received in the
associated hollow inner conductor and sup-

pair of dielectric quarter-wave plates of
P.T.F.E., having low-loss and a high melting

point. The principle of operation of this
polarizer, although in coaxial guide, is simi-
lar to that used in the Telstar feed, which has
been described in the previous section of this

chapter. A dielectric filter near the coaxial
aperture, while permitting low-loss transmis-
sion at 1725 Mc provides substantial reflec-
tion at the receive frequency thus reducing
radiation of noise from the high-temperature

transmit aperture. The filter is positioned.
ported in the TE_I circular-waveguide mode. r reIat[ve_othe aperture to obtain a broad

Since the cut-off-wavelength of the inner: ractiat_n_-pattern at the receive frequency
guide is less than the transmit wavelength,

the high-power signal is rapid.ly attenuated
along the receiving guide.

Description

The' feed assembly (Figure 10-34) has

waveguide size WG8 coupled to a power
divider which divides the waveguide into two

half-section guides. These diverage to allow
the inclusion of a WGll binomially-stepped
corner in a waveguide combining section.
The transd.ucer following transforms the
WGll waveguide to 2-inch circular guide

and the two half-section WG8 waveguides

consiStent_-with low-level spillover. Circular
flanges about the outer conductor provide
pattern sh_aping at the transmit as well as

the _receive frequency.
The dielectric polarizer and the matching

in the inner waveguide are similar to those
in the Telstar feed.

Composite Feed

Description

The composite feed (Figure 10-35 and
10-36) comprises the component parts of the
Relay and Telstar feeds. The Relay trans-
ducer is, however, separated, to perform the

to septate 5-inch diameter coaxial guide. The waveguide transformations at different parts
wedges through thetransition provide me- of the assembly.
chanical rigidity aswe_Hascontinulty of mode
transformation' The septatecoaxial guide is
coupled to a coaxial section in which the
transmitted signal is converted, from linear
to circular polarization through a matched

RADIATION PATT_N SHAPING FLANGES _'_'l

TRANSMIT POI_RiZ__ -

_ _ _ : O_ELECTRFC

CC_BINED TRANSD_ _ CF_LTER

PO

WG INgUT

WAVEGLrff_ WG8

FIGURE 10-34.--Relay feed.

The waveguide from the Relay transmitter
is again coupled to a power divider to pro-
vide the two half-section guides allowing
the inclusion o_f a WG14 bend. The com-

ponents in the center guide are then in the
same se_:ue-nce as m the Telstar feed and
comprise a WG14/2 inch circular waveguide
transducer, WGll/2 inch circular waveguide

diplexer,* dielectric polarizer and the aper-
ture matching section. In the transmitting

outer guide the two half sections of WG8
sandwich the inner guide as far as the second
transducer, where the rectangular guides are
transformed to septate coaxial guide. The
coaxial section is then similar to that in the

Relay feed.

*D. Chakraborty and G. F. D. millward: A 4/6

Gc Circularly-Polarized Diplcxer for the Goonhilly

Satellite Communication Aerial.
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RADIATION PATTERN ,_

SHAPING FLANGE_

TRANSM, PO,AR,ZER 

ULAR ,/SEPTATE 5" DIA.

WAVEGUIDE TRANSDUCER

__ 3-11/2" CIRCULAR WAVEGUIDE DIPLEXER

WG14,/2" CIRCULAR WAVE GUIDE COMBINER

I_1" f J WAVEGUIDE COMBINER

j___,_ _',_.._ WG14 INPUT

_" POWER DIVIDER
WAVEGUI DE WG8

ti /

P'_ DI ELECTRIC

FILTER

FIGURE 10-35.--Telstar/Relay composite feed unit.

FIGURE 10-36.--Composite feed.

In the Telstar experiments the inner guide

and its components are used, the 5 inch

diameter aperture and flanges functioning

only to shape the radiation pattern. In the

Relay experiments, the WGS/5 inch diameter

coaxial guide carries the transmitting sig-

nal, and the internal circular guide receives

the satellite signal, the diplexer transferring

it to the main receive waveguide feeder.

Performance

The impedance matching into the com-

posite feed gives a VSWR of 0.97 at 1725

Mc. The matching characteristic measured

over a frequency range is that shown in Fig-

ure 10-37.

The ellipticity ratio of the circularly po-

larized fields within the coaxial waveguide

is about 0.98. The radiation pattern at the
transmit frequency has a field intensity taper

of --10db in the focal plane, and gives an

aerial gain factor of about 0.67. The receive

pattern is very similar to that of the Telstar

feed and gives a gain factor of 0.66 and an

illumination efficiency of 0.967.

Model Aer;al Tests

During the period of feed development,

some considerable experience was obtained
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FmURE 10-37. Composite feed--overall matching
characteristics.

with a 10 ft diameter focal-plane reflect0r
modeled on the Goonhilly aerial. The model

primary feeds were scale_d to operate at about
11 Gc. A typical radiation pattern obtained

with a model Telstar feed, vertically polar-

ized (Figure 10-38) shows that apart from
the main lobe and immediate side lobes,

1. At bearings up to +-20 ° relative to the
electrical axis, the radiation is largely due

to scatter from the tetrapod structure. This
was shown by measurements with the tetra-

pod removed and. the feed supported by thin
nylon cords.

~.

I_'mURE i0538---I_I-plane radiation_pattern of model

_: aerial wlth Telstar feed scaled to operate at
11.1 Gc.

-_2. At: b-earings between +20 ° to +-90 ° the

radiation is predominately primary feed

spillover.

The pattern with horizontal polarization

showed a greater level of primary feed spill-
over consistent with the larger level meas-

ured in this plane in the primary feed radia-

tion pattern (Figure 10 30).

" " Conclusions

Using idealized primary feed radiation
patterns for guidance, it is evident that the

permissible spillover is dependent upon the

effective noise-temperature of the surround-

ing terrain, and to a lesser extent on the

noise-temperature of the system receiving

equipment. Where the equipment and ground

temperatures are about 50 and 180°K respec-

tively, a primary feed illumination taper of

about 15db is required, for an optimum

figure of merit at low angles of aerial eleva-

tion. The effect of spillover is then to in-

crease the system noise temperature by about

2.8 degrees, the gain factor being 0.77. How-
ever, if it were possible to reduce the effec-

tive ground temperature further, then the

spillover could be increased to provide a

greater aerial gain factor.

Experiments with circular flanges about

a circular-waveguide aperture have resulted

in primary feed patterns giving a gain fac-
tor of about 0.65 and an effective noise tem-

perature increase of about 0.65 and an effec-

tive noise temperature --180°K). The illu-

mination taper at the reflector periphery is

about 19db. If it were possible to broaden

the feed pattern further to increase the gain

factor, a closer approach to the ideal could
be obtained.

_0 AUTHOR. This chapter from the United

Kingdom was authored by the General Post

Office, London, England. The forgoing sec-

tion on Primary Feeds for the Goonhilly
Satellite-Communication Aerial was authored

by ]_. A. RAVENSCROFT of the GPO.
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WAVEGUIDE FEEDERSYSTEM

Introduction

There are two features which distinguish
the feeder arrangements at a satellite earth
station from those use4 in conventional mi-

crowave line-of-sight links. The first is the

importance of low loss in all waveguides and
components and the second is the need for

rotating joints. Losses are important in the
receive direction because they contribute
signficantly to the overall system noise tem-

perature while, in the transmit direction, not
only do they waste expensive transmitter
power but localized points of high loss can
give rise to the formation of arcs when the

power is applied. Rotating joints are re-
quired on the elevation axis of the aerial to

permit waveguide connection between appa-
ratus in the turntable cabin and on the dish.

In the installation at Goonhilly, three sep-

arate waveguide connections are required
between the turntable cabin and the focus

platform ; one each for the Telstar and Relay
transmitters operating at 6390 and 1725 Mc

respectively, and one for the receiver feed,
routed via the maser cabin on the back of
the dish and operating at 4170 and 4080 Mc.

Dominant-mode rectangular waveguide is

used for these runs, and the components and
installation practices used follow normal
practice as far as possible.

Ma;n Waveguide Runs

Figure 10-39 shows the layout of the main
waveguide runs. Rectangular waveguide is

used in sizes WG 8, 11 and 14 for the 1725,
4170 and 6390 Mc guns, respectively. Copper
waveguide, using electrolytic copper, is em-
ployed to minimize the losses.

It can be seen from the sketch that a

relatively large number of bends or corners

are required on each waveguide run, includ-
ing some at special angles as at each end of
the tetrapod legs. Fabricated corners of the

simple mitred type are used in the WG 8
run. Typically, these give a measured VSWR

of 0.995 at band center (1725 Mc), the
VSWR remaining greater than 0.99 over a

FOCUS PLATFORM

WAVEGUIDE

WAVE GUIDE 14

FLEXIBLE

WAVEGUIDE

ROTATING

JOINTS

6390

4170 Mc

t725 Mc/s

CABIN

FIGURE 10-39.--Layout of main waveguide runs.

bandwidth of __+20 Mc. In the WG 11 run,
binomially-matched fabricated corners are

used because the required bandwidth is
greater the beacon signal at 4080 Mc must
be accommodated in addition to the communi-

cation signal at 4170 Mc. The VSWR of these

corners is typically 0.995 at 4170 Mc and
greater than 0.99 at 4080 Mc. In the WG14

run, the compactness of the fabricated cor-
ner is of less importance than in the larger
sizes and also the high power-density of the
transmitted signal makes the use of fabri-
cated corners inadvisable. Bends which are

made by blending copper waveguide on a
suitable mandrel are therefore used. The

VSWR of such bends is typically 0.985 at
6390 Mc.
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The use of large mean powers in wave-
guide systems is less common than the use of
large peak powers. However, experience has
shown that wavegu-ide-systems carrying

large mean powers are subject tothe forma-
tion of arcs at power levels of more than an

order of magnitude below those which might

be expected to give - trouble from voltage
breakdown. No adequate theory exists for
this type of breakdown but it is known that
one cause is localized overheating of particles

such as dust, swarf or shreds from rubber

sealing rings. A consequence of the lack of
an adequate theory of cw breakdown is that

it is not POS_Sibie_o_design a component with
any assurance that it will not break down

in service unless it has been tested at full

power. Special p recautionswere_tak_en_c!ur-
ing-the installation of the waveguide runs
to ensure that the interior surfaces of all

waveguide and all components were kept
scrupulously clean, particu!arly in the case
of the WG14 installation where th e power

density is very high. The flange joints on
the WG8 runs were improved by _using me-
tallic gaskets.

The performance of the WGll and WG14
runs was measured after installation with

the following results. The WGll between
the maser cabin and the focus platform gave
a VSWR of between 0.91 and 0.96 in the

frequency range 4070 4185 Mc. The attenua-
tion, calculated from VSWR measurements
with a short-circuiting plate over the guide,
was 0.262 db compared with the theoretical
figure of 0.188 db for plain copper guide of

the same length. The WGll run between

the turntable cabin and the rotating joint

on the elevation axis gave a VSWR of be-

tween 0.89 and 0.98 over the frequency

range 4060-4175 Mc and. the attenuation was

0.67 db compared with a theoretical figure of
0.52 db. The WG14 run between the turn-

table cabin and the focus platform gave a
VSWR of between 0.82 and 0.97 over the

frequency range 6350-6430 Mc and the at-

tenuation was 1.94fib as compared with a
theoretical figure of 1.76 db.

COMMUNICATIONS STATION 71S

Rotating Joints

Rotating joints were required at the eleva-
tion axis of the aerial to permit the wave-
guide connections from the dish to be extended
down to the apparatus in the turntable cabin.
A separate joint is required for each fre-

quency band but the basic principle is the
same for all. This is that the TEo_-mode

wave in rectangular guide is converted to a
circularly polarized (or rotating) TEn-mode
wave in circular guide. The :_oint itself is
in the circular guide and uses a simple

choked flange, the rubbing contact occurring
at the high-impedance junction between the
two quarter-wave sections of the choke.
After the joint, the wave is converted back

again to the dominant mode in rectangular
guide. This class of rotating joint was cho-

sen foreconomy in design effort as some of
the components used in it are also required
for other purposes.

The 6390 Mc version of the rotating joint
was not completed in time for the initial
installation at Goonhilly and a length of
flexible (twistable) rectangular waveguide
was installed instead. This was arranged so
that it is straight when the aerial elevation

is 45 °, the maximum bending thus being ÷
45 ° . This arrangement has proved so success-
ful that it is doubtful whether it is worth-

while replacing it with the more complex
rotating joint.

Figure 10-40 shows a sketch of the 4170
Mc rotating joint. To minimize the axial

JOINT

FmuaE 10-40.--Rotatiug joint.
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length of the unit, a binomially corrected

stepped transition is used to convert the TE01

wave in rectangular guide to a TE,1 wave in
circular guide. A constant guide-width is
maintained throughout the intermediate rec-

tangular steps of the transition to simplify
the problem of obtaining a theoretical start-
ing point for the design. The final dimen-
sions are, however, obtained by experimental
modifications of the initial design. In its
final form the transition has a VSWR in ex-

cess of 0.98 from 4070 Mc to greater than
4300 Mc, the figure for 4170 Mc being about
0.99. The TE,, wave in the circular guide
is converted to a circularly polarized wave

by the finline polarizer. This contains a
copper fin inserted into circular guide at an
angle of 45 ° to the plane of polarization of
the linearly polarized incident TE,, wave,
and. retards the phase of the resolved com-
ponent of the incident wave which is paral-
lel to the fin by 90 ° with respect to the com-
portent which is at right angles to the fin. The
circularly polarized wave which emerges has
the necessary circular symmetry to permit
the joint to be rotated without introducing
variations in its transmission properties. The

joint itself is of the simple choke-flange type
with a rubbing contact at the current null
in the choke. Time did not permit the in-
vestigation of more sophisticated joints but
present indications are that the simple type
is quite adequate. Following the joint,

another polarizer and stepped transition con-
vert the circularly polarized wave back to
the normal TEoz wave in rectangular guide.
The insertion loss of the complete rotating
joint is 0.035 db at 4170 Mc and the VSWR

is nearly constant at 0.95 over the range of
angles of rotation which are used and over

the frequency range 4080-4183 Mc. The ro-
tating joint for the 1725 Mc waveguide run
is similar in principle to that just described
but uses waveguide turnstiles to convert

from rectangular guide to circularly polar-
ized waves in circular guide. This arrange-

ment leads to a shorter axial length. Initially,
some doubts were experienced, about the
bandwidth of this type of joint but the per-

formance has proved to be adequate. At
mid-band frequency, 1725 Mc, the VSWR
is about 0.99 irrespective of angle of rota-
tion while at -4- 20 Mc the VSWR varies

between 0.95 and 0.99 with angle of rotation.

Wavegu_de for Receiver Input

The losses which occur between the pri-
mary feed at the focus of the dish and the
input port of the maser are of particular

importance because they contribute signifi-
cantly to the overall system noise tempera-
ture. Unfortunately, a large number of
waveguide components is required in this
part of the system in ad.dition to the plain
waveguide, and this increases the difficulty
in making the total loss small. The path
between the primary feed and the maser in-

cludes the broad-band polarizer and diplexer
(described elsewhere), flexible waveguide to
permit the feed to be moved, some 31 ft of
waveguide between the diplexer and the
maser cabin and the rather complex assembly
of components within the maser cabin which
is illustrated in Figure 10-41. The assembly

in the maser cabin is required to provide the

FROM
AERIAL

W

N _ COOLED

P_E KLYSI_ON

ISOLATOR

0-11 _ ATTENUATOR

WAVEMETER
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41_

B.P.

20.2 _ WAVEOUIDE 11
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.7 c_ 4080 M/GER 4080

• I CAVI_
• FILTER B ,P.

MODE CHANGER
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MASER &COLD LOAD AT 45 a

H W REPRESENTS A WINDOW

FIGURE 10-41.--Schematic of equipment

in aerial cabin.
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desired test facilities and. to provide an al-
ternative path for the beacon signal which
lies outside the pass band of the maser.

Of the components in the maser cabin, the
filter which separates the beacon signal from
the communication signal could have the
greatest potential for introducing loss in the

communication channel. However, by em-
ploying a resonant cavity coupler for the

TABLE lO-5.--Analysis of Losses in Pre-Maser Waveguide

Components

components, an expemmenta_l_ulpment for
measuring very small losses has been devel-
oped. An analysis of the Ions:figures for the
pre-ma_er wavegu]_de-componen_ts is given in
TabIe I6Z5. i

It can readily be shown that a matched
network of loss L (input/output power
ratio) at a temperature To, inserted between

an aerial of noise temperature T_ and a low-
noise receiver (e.g., maser) as a temperature

T_, increases the effectiveaeriaI temperature
by_/_o_ -:i) _. -Thus t he_to_M_effec_ve noise

temperature of th e system referred to the
aerial _s :

Using the figures of Table 10-5 this be-
comes :

(Ta + 42 -}- 1.14 T,) oK,

Component Loss--db

Diplexer (incl,polarizer)......................

Connecting section (incl.twist and I corner) .....

External WG11 (incl. flexiblesection and

2 corners) .................................

Intcrna[W_11 (_ncl.I window and 2 corners)__.

Waveguide switch ............................

0.I00

0.074

0,232

0,021

0.028

0.048

0.047

0.033

beacon channel, this loss is only 0.033 db at Directionalcoupler...........................
Internal WGll (incl, 5 corners) ................

4170 Mc, and the loss in the beacon path is s ....... ,a_ationSlt.........................
1.3 db at 4080 Mc. The coupling loss between
the beacon guide load and communication
channel output is 33 db so the extra contri- Total....................................... 0.583

bution to system noise is negligible.
The filter pair which combines the com-

munication and beacon signals at the output
of the maser and a similar pair which is fit-
ted in the turntable cabin and feeds the two

receivers, are of straightforward design and
use three quarter-wave-couple-d- tri-ple-pos-t
cavities. The isolator which follows the

maser and the circulator inthe maser by-pass

are provided to ensure that the filters, which
are design_-d-on an insertion loss basis, ar_e
correctly terminated, and so give their design
performance.

In view of the importa_ nce 0__knowing the the table that there is not much scope for a
very Small losses introduced by individual substantial reduction unless the first-stage

or referred to the maser-input :

(0.87 T_ + 37 + T_) °K.

As the system noise temperature measured
at the maser input, with the aerial pointing
at zenith, is 56°K and the effective maser

noise temperature is of the order of 13°K,
the component of the noise temperature due
to the waveguidelosses cannot differ very
much from the estimated figure of 37°K.

While this figure is large, it can be seen from

The special features of the waveguide in-
stallation on the aerial at Goonhilly have
been outlined and performance data have
been given. The installation and all its com-
ponents have functioned successfully in the

manner expected. The most sVgnificant tea-
ture is the relatively large contribution which

the waveguide installation between the pri-

Conclusions

amplifier can be placed nearer the feed. The

largest--single com_one__nt is the-waveguide
run between the diplexer and the maser
cabin. C0nsideration_ being given to using
oversized rectangular and even circular
guide, for the straight portion of the run
down the tetrapod, leg, but the maximum

saving would only be some 7°K. Cooling of
the waveguide run has been investigated,
but it is not considered worthwhile.
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mary feed and the maser makes to the sys-
tem noise temperature. This is not due to
any one cause but arises partly from the
distance involved and partly from the neces-

sary complexity of the arrangements. While
it can be expected that further work will
lead to a reduction in the losses in this part

of the system, it seems unlikely that any very
large reduction will prove possible unless the

first-stage amplifier can be placed nearer the
feed.

AUTHORS. This chapter from the United

Kingdom was contributed by the General
Post o_ce, London, England. The foregoing
section on the Waveguide Feeder System was
authored by I. F. MACDIAMID and S. C.

GORDON of the G.P.O.

THE 1700 MC TRANSMITTER

In order to achieve flexibility, unit cabinet

construction is used for the transmitter, the

heart of the equipment being a klystron. The
transmitter has, in fact, been designed to

operate with either of two types of klystron,
viz, the new Eimac 5KM70SF (Figure
10-42) mentioned above, or the Varian VA

800 (Figure 10-43). This latter tube has
been extensively used in tropospheric scatter
[inks, being tunable from 1700 to 2400 Mc,
and having an output power of 10 kw with
a bandwidth of only 8 Mc to the --3 db

points.

are drawn off to form an electron beam using
an anode in the form of an annular ring situ-
ated close to the cathode. The electrons pass

through the anode and are concentrated into

FmUaE 10-42.--The Eimac klystron type 5KM70SF

used in the transmitter.

Klystron Operation

In case the reader is not familiar with the

klystron tube, its operation is dependent

upon the transit time of an electron beam,
and is briefly as follows: A plentiful source
of electrons produced at the tube cathode
either by conventional radiation heating

from a filament or by cathodic bombardment
from a high voltage source. These electrons

FIGURE 10-43.--The Varian klystron in position

on its trolley.
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a narrow parallel beam flow inside a tube, (Figure10-44) and the block diagram (Fig-
=_

known as the drift tube, using a powerful ure 10-45).
magnetic field generated by external focusing - The drive U-fi-_tSulJplies modulated RF power
magnets. The drift tube may be several of approximately _.5 w t_o the output kly-
feet long depending on the operating fre-- s_l:_-i_orporates a number of

quency of the klystron (about 14-]_._-_o_ng facl_lYties pec_r_To_e]iite project, it
in the present case), and_erminates in a col- _has been_ture_]nd6pendenfl-y-of- the

lector electrode which absorbs those electrons main- tranSmitter,and is being provi__ded by
remaining in the beam which ar6-not-_ra-wh the-GPO and notby-STC.

off earlier as RF power. At intervals_a]ong - The-p_r con@oI cabinet contains the
its length the drift tube has gaps in it across auxil_y supplies, protection devices, fault

which the 6[ectrons have to pass. Eac]TVgap - Signa_lh_gTamps, voltage regulator and main
is surrounded by a cavity which_can_e i_ad6 isoIa_ :-
to resonate at the radio frequ__ The o_tput klystron mounts ona s_pecial,
klystron. The Eimac5KMTOSF has five such easily removable, trolley in the klystron cab-

cavities. _......... Inet. _he..tuhe is seat6_[-i_'_s_focusLng umt,
The first cavity along the tube from the together with the cavity tuning arrange-

cathode has an RF probe inserted, to which m_htTs,-on_op of the-tr-011ey;while the-fila-
is applied the RF drive-from the drive unit ment and getter tri_rmer, with their as-
at the required output f_quency. T-he-effect -sociated meters, are mounted, l_nt_e lower
of inject[ng_R_ -_ Power _n_ _so-nan_ compartment -for- t-_{es__ personnel.

cavity is toaiternately reverse t_i6t)blarity--_et_---_the e.__t_and--foc-us[ng-_m_gnet
of the potential across the t_ap" _ft supp _lles are mounted on l_ane_s-on_e_]_t_h_side
tube at radio frequency thu_-atl_rfiately 0f-_ii_a-b-i_t. Mounted _t the_binet rear
speeding up and slowing down the electron are the RF outputwaveguide to the aerial,
flow. Beyond the gal_ t_e e_tro_flow " will cross-ccou_r, an-_-a_terTcool_d-artificial
now consist of electrons trav6[ing at_I[fferent _-_"_:'_ ......................load. Checking of the RF power _ed into
speeds, which in turn willproduce bunching_ the !atter is acc0mpl_she_us_ng-dial ther-
of electrons at a certain distance past the mometers and a-flow meter on the-cabinet
gap. If, at this point, a further cavity_-is-_[nff _ro_-t_I)ane_ ........

serted, a cumulative effect can be pr_iuced--T-- T-he-main e:h:-t, supply is generated in an
As many as six cavities have been used, and enclosure at the rear of the-Power control
the result is that a very large RF field can and dr_veun_(ca_ts, us_*ng-an e.h.t, trans-

be produced in the final cavity, from which
substantial power can be extracted using a
suitable probe. As stated earlier, the remain-
ing electrons are absorbed in the collector.
As considerable power is dissipated in this
collector it has to be cooled either by water
or forced air. For larger klystrons, the losses
in the drift tube wall. are considerable and
the drift tube also has to be cooled.

Equipment Composition

The transmitter itself consists of four main

cabinets (i.e., drive unit, klystron unit, heat
exchanger and power control unit), together
with an extra high tension supply (e.h.t.)

enclosure, as shown in the overall photograph

former:rect;ffie]-, sm6-0_ng and an air cool-
ing system.

The heat exchanger cabinet is shown in

Figure 10-46 and contains an air-to-water
heat exchanger, dual pumps and blowers, and
control panels mounting flow meters, tem-
perature gauges, water flow control valves,
and motor starters.

Transmitter Operation and Facilities

Power Contro_ Circuits

The equipment operates from a 415v three-
phase 50/60 cps supply which is fed to the
main isolator, from which it is distributed
to various subcircuits via their protective
overload switches.
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FIGURE 10-44.--The transmitter assembly.

The main isolator is mechanically inter-
locked with all d.oors so that power cannot
be switched on until they are closed and

locked. In addition, the isolator is interlocked
by a key with the door giving access to the
aerial system.

The whole transmitter and heat exchanger

is switched on and off by push-buttons on
the control panel in the power control cabi-
net. Individ.ual control of the heat exchanger,

if required, is provided for by means of the
push-buttons mounted on its central panel.
Following "switch on" all the circuits are
automatically operated in sequence up to the

application of the e.h.t and are so inter-
locked that the failure of any one of them,
or of the water and air supplies, instantly
removes the e.h.t. A fault occurring in any
of the major circuits is immediately indicated

by the signalling lamps mounted on the cen-
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ter panel of the control cabinet. Special care

has been taken in the design of fault pro-
tection circuits, especially for the e.h.t so
thatl under fault conditions, power can be

removed from the kIystron in a fraction of
a second and there is no discharge from the
smoothing condenser into the klystron.

The extra-high-tension supply is switched
on and off by two pushbuttons mounted on
a panel above the klystron. They are elec-
trically interlocked with the voltage control,
so that power can only be applied at near
zero voltage. A smooth application of volt-

age is effected by a specially d_signed rotary
stud swltc]_,actlng as a potent|ometer, whi-ch

varies the grid bias of a triode vacuum tube

anode dissipation: Three off-load taps on
the rectifier transformer give output volt-
ages of 0-10 16 20 kv. Thus at a predeter-

mined positive grid voltage, corresponding
to the maximum voltage on each range, the
anode loss of the triode is kept to approxi-
mately 1-1.5 kw.

o o 000

FIGURE 10-46.--The heat exchanger cabinet.

Klyslron Amplifier Circuits

Approximately 0.5 w of RF output from

the drive unit is applied to the input probe
of the klystron which, as stated earlier, will
normally be the Eimac type 5KM70SF, hav-
ing five cavities. This tunes over the fre-

quency range 1710-1800 Mc. It supplies 20
kw maximum power when driven to satura-
tion, or 10 kw over a 15.5 Mc band, measured
to the --0.5 db points. The overall unsatu-
rated power gain is approximately 50 db with
an efficiency of approximately 30 percent.

The e.h.t, input to the klystron is between
16-18 kv at 3.5-4 amps.

Both the collector and drift tube are water-

cooled, and, in the case of mains failure with
resultant failure of the heat exchanger, there
is enough water available to absorb the resid-
ual heat in the tube without further cooling.

The klystron bea m is focused by a power-
ful electromagnet, requiring a dc power input
of approximately 2.0 kw. The magnet also

|
t

t
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requires water cooling. In the case of the
Varian tube, tuning of the cavities is carried
out by a tuning unit located on the top of the

focusing magnet, and RF power output is
read directly on a meter mounted on this
unit. With the Eimac tube, the tuning con-
trols are mounted on the side of the klystron
assembly.

When using the Varian klystron, which
requires bombardment of its cathode to

maintain emission, it is necessary to control
the filament and bombardment power accu-
rately, and a magnetic amplifier is provided
for this purpose.

The klystron RF output is fed into a wave-
guide, -and thence via a cross-coupler to the
aerial. By suitably calibrating the cross-
coupler, the standing wave ratio in the wave-
guide is measured. If it exceeds a certain
value, a protection unit operates, switching
off the e.h.t, supply. A direct reading of the
VSWR can be obtained by plugging a meter

into a jack on a meter panel in the klystron
cabinet. The cross-coupler also feeds a cali-
brated meter on the klystron tuning unit giv-
ing direct indication of RF output power.

Special precautions are also taken to pro-
tect the klystron against any arcs which
might occur in the waveguide, causing dam-
age to the klystron output window. A photo-
electric cell is used to detect arcing and shut
down the e.h.t supply.

Heat Exchanger

The purpose of the heat exchanger is to
stabilize the temperature of the water supply
cooling the klystron drift tube, collector, and
focusing magnet, to within fairly close limits

over a wide temperature range. It also keeps
the water circulating around the artificial

load at the same temperature when checking
the RF power output of the transmitter. It
is capable of handling a power dissipation of
up to 65 kw. The coolant used is distilled
water in a closed circulating loop. All the
flow feeds are metered: each meter being

fitted with contacts, so that a failure in any
feed trips off the main e.h.t, supply. Similarly
the water outlet temperature of the klystron
is monitored by a temperature gauge, which

operates a trip in the e.h.t, supply should the
temperature reach dangerous limits due to
pump or blower failure.

Flow control of the outlet feeds can be

controlled by water valves located on the
front panel. Water filters are used in appro-
priate parts of the cooling system to guard
against blocking up the tubes of the klystron.

Conclusion

The aim in the design of this transmitter
has been reliability which is of the utmost
importance for work of this kind. It is hoped
that its record will equal that of similar
equipment operating in a quadruple diversity
tropospheric scatter system, in which case
the total "outage" time attributable to equip-
ment failure during a year's continuous serv-
ice was less than twenty minutes.

AUTtIORS. This chapter from the United

Kingdom w_s contributed by the General
Post Office, London, England. The foregoing
section on the 1700 Mc Transmitter was

authored by E. A. RATTUE and D. L. COOPER-
JONES Of Standard Telephones and Cables

Limited, England.

LOW-TEMPERATURETHERMAL NOISE SOURCE

Introduction

A matched waveguide termination was re-
quired as part of the noise temperature cali-
bration facility in the receiving system at the

Goonhilly earth station. For routine meas-
urement of overall system noise temperature,
this termination is at ambient temperature.

For other noise measurements, and in partic-
ular for the measureme_nt of the effective
input noise temperature of the maser, the
waveguide termination is cooled to 77°K by
immersion in liquid nitrogen.

Design of the Termination
The termination consists of an absorptive
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pyramidal load mounted inside a length of
thick-walled copper waveguide, which pro-

vides an approximatlon-to _a constant tem-
perature enclosure, even when only partially
immersed in refrigerant. The adjacent sec-
tion of waveguide has thin wails, made of

an alloy of low thermal conductivity, in order
to reduce the rate at which heat leaks into

the refrigerant. A thin internal layer of sil-
ver ensures adequate electrical conductivity.

The internal dimensions of the waveguide
are those of R.C.S.C. waveguide No. 11, (i.e.,
2.372 in. by 1.122 in.) Figure 10-47 shows
two slightly different mechanical construc-
tions of waveguide structure.

Before deciding on the type of absorptive
material to be used, samples of various mate-
rials were tested by repeated cycles of im-
mersion in liquid air. Of the two materials
which were found suitable, one was a sus-
pension of iron powder in a synthetic resin

("poly-iron"), cast in the laboratory, in a
suitable mould, and the other was a commer-
cial material, machined into the appropriate
shape.

The samples were alternately cooled and
warmed for several days, until it was estab-
lished that when the temperature changes

were not toosudden, serious cracking was
unlikely, provided that water was excluded.
However, if the samples were wet, the sur-
face of the material became crazed and

eventually broke up. It was therefore nec-
essary to take suitable precautions to exclude
condensed water vapor from the completed
termination.

The shape chosen for the poly-iron load is
shown in Figure 10-48. A symmetrical pyra-
midal shaped load, mounted centrally in the
waveguide was found to be preferable to an

assymetric, wedge-shaped load attached to
the side of the guide. The pyramidal load

m
E

i
E
E

E

FIGURE 10-47. Alternative types of cold termination and a poly-iron pyramid load.
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Installation at Goonhilly

The general arrangement of the installa-

tionat GoonhillyRadio Stationisshown in

Figure 10-49. The equipment is locatedin

the receivercabin on the back of the para-

bolicreflector.The terminationis mounted

beneath the upper floorwhich is used for

5.62"

4 BA or 8 UNC LOCK NUT

FIGURE 10-48.--Poly-iron pyramid load.

appears to be less likely to introduce small
changes in impedance due to the absorptive
materiaI twisting or warping when cooled.
The mounting screw is sealed with solder to
prevent refrigerant leaking into the wave-
guide.

The residual VSWR of a termination using

this type of load is, in general, better than
0.99 across the 3.8-4.3 Gc band.

MASER WAVEGUIDE

_ _W_TCH

AERIAL

UPPER FLOOR OF MASER CABIN

THERMOM_E_ _WlNDOW

PRESSURE

_ELIEF VAL _,_

/ PLASTIC FOAM

LOWER FLOOR

FIGURE 10-49.--Layout of cold load at Goonhilly.

maser operation. To prevent loss of liquid
nitrogen when the aerial is moved in eleva-
tion, the termination and the metal dewar
vessel surrounding it are mounted at 45 ° to
the axis of the aerial. A binomially-corrected
45 ° waveguide corner was designed (with

optimum performance at the receiver center
frequency of 4.17 Gc) to connect the termi-
nation to the remainder of the waveguide.

To prevent the continuous entry of water
vapor and oxygen which would condense in
the cooled section of waveguide, a window is
required. A simple uncorrected window of
"Melinex" (I.C.I. trademark for polyethyl-
ene teraphthalate film) was found suitable.
A thickness of 0.004" introduced less than
0.005 db of attenuation, and no measurable

change in the VSWR of the termination. The
flanged joints between the window and the
load were sealed with neoprene gaskets. A
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spring-loadedrelief valve was providedto flexible connectionto the aerial feed. The
preventanexcesspressureaccidentallyaris- t-hermalnoisefrom thetwoloadscanthusbe
ing inside the waveguideand possiblyruP-
turing thewindowanddamagingthe maser.

TheVSWRof the terminationwasmeas-
uredat thewaveguideswitch,at a frequency
of 4.17Gc.Thevalue,0.970,remainedcon-
stantwhentheterminationwascooledfrom
290°Kto 77°K.

Whentheterminationis usedfor thetwo-
temperaturemethodof measuringthemaser
noisetemperature,it is necessaryto correct
for the additional thermal noisegenerated
in the uncooledwaveguidebetweenthe load
andthe maser.This amountsto 10°K.

The secondtermination for the two-tem-
perature measurementsis provided by a
secondpyramidalload at ambienttempera-
ture. This can be temporarily installed in

comparedby rotating thewaveguideswitch.

Conclusion

A waveguide-mounted thermal noise source
for operation either at 77°K or at ambient
temperature has been devised and installed
as part of the receiver equipment at Goon-

hilly earth station, and used for noise
temperature calibration throughout the ex-

periments with the Telstar and Relay satel-
lites.

AUTHOR. This chapter from the United
Kingdom was contributed by the General
Post 0t_ce, London, England. The foregoing
section on a Low-Temperature Thermal Noise
Source was authored by It. N. DAGLISH of

the main waveguide in place of the usual the GPO.

THE HELIUM SYSTEM OF T_IEMA_E-R INSTALLATION i--,

Introduction _ _ _a frequency of 4.17 Gc. The particular
...... : _ncies involved are determin_ byan

A traveling-wave solid-state maser ampli- applied steady magnetic field. The particular
tier is used to provide the first stage of property of the amplifier which makes it so
amplification in the receiving system at the important for use in satellite communication
communication-satellite earth-station at

Gooahilly Downs. While the maser its e!_f.was
built by an industrial =researchlaboratory,
the auxiliary supplies and equipment essen-
tial for the operation of t__hem_aser we.re
designed and built by_staff of the PostOffice
Research Station. A major part of this aux-

_ry equipment consists o_f apparatus for

handing the helium refrigerant.

General Description

-The maser i s a microwave amplifier in
which the amp!ification takes place in a single
crystal Of"p{nk" ruby-crystalline alumina
cOntaininga SmM1 I)ercentage of chromium.

Microwave po_er, at a frequency of about
30 :Gc,-is-_injected_to_the crystal and tem-
pSrarfly-distur_the_i_ermal equilibrium of
outer electrons_in the_chromium ions in the

crystal. Some of the energy stored in this
way is available to amplify a low-level signal

is its ability to amplify extremely weak radio
signals while introducing a negligible amount
of additional background noise. A disadvan-

tage is that it will only operate at very low
temperatures. The present equipment re-
quires a temperature lower than 2°K (i.e.,

271°C) and the only possible method of

obtaining such a low temperature is to im-
merse the amplifier in liquid helium. This

normally boils at 4.2°K, but the lower tem-
perature required for the maser can be pro-
duced by causing the helium to boil at a
reduced pressure. A large vacuum pump must
therefore be incorporated into the apparatus.

If the maser and all the associated equip-

ment could have been mounted in close prox-

imity, the installation would have been
relatively straightforward. However, to

make use of the unique low-noise properLies
of the maser, it was essential that it be
mounted as near as possible to the focus of

: :: - %5- .......
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the 85 ft. parabolic reflector, while the re-
mainder of the equipment had to be mounted
in the rotating cabin or at ground level.

It was not practicable to mount the maser
actually at the focus because of its weight
and because there was already a considerable
amount of aerial-feed equipment at the focus.
The maser was therefore housed in a cabin

constructed on the back of the parabolic re-
flector, and connected by waveguide to the

feed equipment at the focus.
Thus the complete installation consists of

the helium control equipment associated with
the maser, a vacuum line along and down the
aerial structure to the vacuum pump, to-
gether with the equipment for controlling
the flow of helium gas from the vacuum
pump and storing this helium for return to
the liquefacLion plant. The location of the
various items is indicated in Figure 10-50.

During operation, the axis of the aerial
may be tilted between horizontal and 10 °
beyond vertical, and consequently all the
equipment in the maser cabin, including the
klystron and magnet power supplies, a small

oscilloscope, a nitrogen-cooled reference load
and the maser itself, must operate satisfac-

torily when tilted by 100 °. To prevent refrig-

erant from spilling from the maser as the
aerial tilts, it was mounted at an angle of 45 °
to the axis of the aerial, so that the maser
axis is never more than 55 ° from vertical.

However, access to the aerial cabin to fill the
maser with refrigerant is only possible when
the aerial axis is horizontal, so that the maser
must be capable of being tilted in its cradle
from the normal operating position through
45 ° to the vertical position for filling. The
helium-gas handling system must also pro-
vide for the maser to be tilted inside the

cabin, and, when the aerial is in use, for the
cabin to tilt with respect to the ground with-
out restricting the flow of helium gas. Sec-
tions of corrugated stainless steel tube are
used to provide this flexibility.

Special quick-release waveguide flanges
were designed to permit the maser t_ be
tilted through 45 ° into the filling position,
as shown in Figure 10-51.

Liquid Helium and Liquid Nitrogen

Liquefied gases are usually contained in
metal dewar vessels, which are spherical
flasks with a double wall, the space between
the walls being evacuated to provide thermal
insulation. The latent heat of helium is so

CONTROL §oi m__

fLEXI|LE eaTAIMLESS

STESL TUBE TO ALLOTd
FOE TILT OF AERIAL --

EXPAMS_H JOINT

m._OPPL rm PIPE - --

TURNTABLE CABIN

VACUtlN PUrr

HELIUM
HELIUH _ STORAGE

C2_

,- ,,.oo,,,,,,,$,,........_Z\X.._...........
FLEXII_LE PIPES TO ALLOW k r _ rR, --_ 7 LJ\ \FOR ROTAT{O_ Of AE AL

MAIN COI_TROL I_OARI_ COblPRE$$ON HELIUH
EYLIROEFIS

FIGURE 10-50.--Position of the maser and helium

equipment on the GoonhiIly aerial.

L"L..

FIGURE 10-51.--The top of the maser tilted to show

the quick release flanges.
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low that this form of thermal insu]a_on is
inadequate. The m_er is-iherefore mounted

inside a double vacuum:_n_lated dewar, _l_-

the outer vessel conta[n]ng liquid nitroge_.
Equipment was provided for re-evacuting the
insulating spaces in the maser dewar when

necessary.
Double dewars must also be used for trans-

porting and storing Ii-qu___-
plies of liquid nitrogen and liquid helium are
delive_red by rail fl;o_-_
in London to Cornwall two or three times a
week,

The temperature
than the freezing point of both oxygen and
nitrogen, and it is necessary to false precau-
tions to prevent air from-freezing
neck of the dewar vessels.

must therefore be fitted to the dew_,
ing helium gas to boil away fr0n¥ihei[quld,

but preventing air from entering.

Cooling the Maser

The maser is mounted [_t_ng cradle
on one wall of the maser cabin, as-s_n |n__ FmuRE lq-52.--The m_er in the operating position
Figure 10-52. Above it on the wall !si£-c-on---__ -_ _ sh_o_wi_gthe-12 liter de.Tar.
troI panel that enables the flow of helium
gas to be regulated, and the pressure in the
maser to be measured. A flexible stainless lift-platform beside the maser dewar, and a
steel tube connects the maser to the control transfer tube is inserted into the two dewars.

panel. Electrical monitoring equipment is
also mounted on this panel, indicating the
output of the klystron oscillator and the level
of helium in the maser.

Figure 10-53 shows dewars of liquid heli-
um and liquid nitrogen being lifted by a
hydraulically-operated platform to the portal

beam of the aerial, from which they can be
carried to the maser cabin. Here, the liquid-

nitrogen dewar is connected to an insulated
transfer tube permanently installed in the
cabin. Compressed nitrogen from a cylinder
is used to force the liquid nitrogen along
the thermally-insulated tube into the outer

part of the maser dewar.
When the outer vessel of the maser dewar

is full of liquid nitrogen, the inner vessel is
filled with liquid helium. The helium-storage

dewar is placed on a hydraulically-operated

This transfer tube, which can be seen in
Figure 10-54, has a vacuum-insulated double
wall, to prevent the boiling oYhelium inside
the transfer tube due to heat enterfng through
the walls. A bladder attached to the helium-

storage dewar is used to start the helium
transfer. A gentle squeezing action agitates
the liquid in this dewar, causing increased
evaporation. The gas pressure so produced
forces the liquid helium through the transfer
tube. As the level of the helium rises in the

maser dewar, the storage dewar and transfer

tube are raised to keep the outlet of the trans-
fer tube above the liquid surface in the
maser dewar.

Great care must be exercised during the

transfer to prevent air or water entering the
dewars. When the dewar containlng the maser

is full, the transfer tube is rapidly removed
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FI6URB 10-53.--Dewars of liquid helium and liquid nitrogen being lifted to the maser cabin.

and the entry port sealed. During the helium
transfer, a considerable amount of liquid is
evaporated in cooling the structure to 4.2°K.

The helium gas so evolved passes along the
flexible tube to the control panel, and thence
into the helium collection system.

Immediately the maser dewar has been
filled and the filling port sealed, the pressure
must be reduced to a few torr (mm mercury)
in order to lower the helium temperature
from 4.2°K. The rate of change in the pres-
sure must be controlled carefully in order
to prevent damage to the maser. A special

adjustable throttle valve was designed to
control the rate of change of pressure during

the initial stage of pump-down.
The version of the maser installed initially

was built into a relatively small commercial

helium dewar. More recently, a new dewar
has been installed to give an extended maser

operating life. This dewar, shown in Figure
10-52, holds approximately 12 liters of liquid
helium.

The operating procedures devised for the
small dewar have proved quite adequate for
the new installation. The principal change
has been an increase in the time needed to

fill the dewar because of the greater volume

of liquid, and the increased mass of metal
to be cooled. Operationally, the increased

helium capacity has enabled several succes-
sive Telstar and Relay passes to be used

without refilling the maser. It has also been

possible to carry out the maser filling some
hours in advance of a satellite experiment,
when this has been desirable.
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Thesuccessof thewholeinstallationdepends

FIGURE10-54.--Heliumtransferintothemaser.

The Main Vacuum Line

As already mentioned, the nearest position
to the maser which could be used for the

vacuum pump was in the turntable cabin.
The main vacuum line between the maser

cabin and the pump therefore had to be about
80 ft in length. Two-inch diameter copper
pipe was used, with joints and bends assem-
bled from commercial fittings, silver soldered
into position. The pipeline was constructed

in sections on the ground and these sections
were joined by vacuum flanges sealed with
rubber rings and bolted together by stainless
steel bolts.

A great deal of care was taken in assem-

bling the system, to eliminate possible sources
of contamination or leakage. Apart from di-
rectly reducing the purity of the recovered
helium, any volatile contamination in the
pipeline would increase the background pres-
sure in the system, making subsequent detec-

tion of possible leaks much more difficult.

upon the quality of the silver-soldered joints
and upon the cleanliness of the system,
therefore elaborate cleaning and leak-testing
procedures were devised and followed during
the installation.

The 2-in. pipe is supported by a series of
brackets fixed to the waveguide ladder which
runs alongside the vertical center member
of the concrete aerial structure. The weight
of the pipe is taken on a special flange located
near the base of the ladder and a flexible

stainless steel section near the top permits
small residual movements.

The Vacuum Pump

In order to handle large quantities of heli-
um, a vacuum pump of large capacity is
needed. The rate at which helium gas would
be evolved could not be known in advance,
as it depends upon the constructional details
of the maser structure. A large margin of

safety was therefore desirable when specify-
ing the required pump performance. A pump
with a capacity of 36 ft3/min, was fitted ; this
was the largest available air-cooled vacuum
pump, air cooling being very desirable to
avoid the necessity for an additional water-
circulation system on the aerial.

A remotely controlled valve is used to pro-
vide a low impedance path round the pump
while the maser is being filled.

The Helium Recovery Apparatus

The output from the vacuum pump cannot
be exhausted to the atmosphere in the usual
way, but must be piped away for recovery.
Accordingly, a 1 in. diameter copper pipe is

connected to the output of the pump to carry
the helium over the trahsm_tting equ_pmen_

to the rotating joint a_ the C-enter of the turn-
table cabin. To carry the helium through this

rotating joint four 17 ft lengths of nylon-
reinforced P.V.C. tube are used, hanging as

U-loops, connected in parallel. As the aerial
rotates, the loops wind round a central pylon,

permitting a movement of -- 250 ° from the
central position. From the bottom of the
central pylon the copper =pipe goes through

underground ducts to the hei_umroom, which
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is part of the building housing the aerial con-

trol gear.

The total length of the 1-in. pipe is about
120 ft and the same care over cleanliness

was observed in its fabrication as for the

2-in. vacuum section.

The helium room, shown in Figure 10-55,

contains a large control panel to handle the

helium gas which is now at atmospheric

pressure. This panel is fitted with over 20

vacuum-type valves to interconnect the pipe

which brings the helium gas from the vac-

uum pump, the temporary gas store, and the

compressor. A flowmeter is included, to moni-
tor the rate of evolution of helium gas from

the maser.

The helium store consists of rubberized

canvas balloons suspended beneath the ceil-

ing, each balloon holding up to 17 ft of
helium. The initial installation of six balloons

FmURE 10-55.--The helium collection room.

has been increased to 16, to give adequate

storage for extended periods of maser oper-
ation.

For return to the liquefaction plant, the

contents of the balloons must be compressed

into steel cylinders. A modified commercial

air compressor is used to compress the

helium to 1000 lb/in'-'. Additional facilities

are required to collect gas released, from the

pump and the starting bypass valve, which

are normally open to the atmosphere in an

ordinary air compressor. Helium, which is

a monatomic gas, becomes hotter than dia-

tomic oxygen or nitrogen during compres-

sion. To avoid damaging the compressor by

overheating, it must not be used for more

than 10-15 minutes at any one time when

compressing helium. The full cylinders are

returned by rail to the liquefaction plant in

London, for the cycle to begin again.
Also visible in Figure 10-55 is the con-

tinuous chart recorded, connected to the
resistance thermometers in the maser dewar.

A continuous indication of helium level is

thus always available.

Conclusion

The helium system at Goonhilly was com-

missioned on 25 June 1962, having been com-

pletely designed and constructed in four

months. The general features of the system

have proved satisfactory in operation, re-

quiring little modification to the original con-

ception, although a number of changes have

been introduced to simplify the filling of

the maser with liquid helium.

The great care taken in construction and

operation of the helium system has been

justified by the high level of purity attained

for the returned gas.

AUTHORS. This chapter from the United

Kingdom was contributed by the General

Post OTfice, London, Englclnd. The fore.going

section on the Helium System of the Mtiser

Installation was authored by H. N. DAGLTSH,

M. R. CItILD, and A LEVITT Of the GPO.
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DEMODULATING TECHNIQUES

Introduction

As part of the program of experimental
and development work to determine the op-
timum demodulating techniques for commu-

nication satellite systems, three types of de-
modulators have been investigated at the
Goonhilly earth station; these are:

1. A conventional demodulator of the type
used in 960-channel telephony or television

microwave radio-relay links.
2. A frequency modulation feed-back de-

modulator in which the deviation of the sig-
nal is reduced before it reaches the final dis-
criminator.

3. A variable-bandwidth "dynamic-track-
ing" demodulator in which the resonant fre-
quency of a narrow bandwidth tuned circuit
is moved rapidly to follow the nominal in-

stantaneous frequency of the incoming sig-
nal.

The conventional demodulator will not be

discussed in detail here; however, informa-
tion is given on two specialized demodulators.

Up to a point, the baseband signal-to-noise

ratio at the output of a broadband frequency-
modulated microwave system can be im-
proved by increasing the deviation. To ac-
commodate the wider deviation signal, in-
creased receiver bandwidth is required. If

the noise temperature and gain of the re-
ceiver remain constant, the increased band-
width will result in more noise reaching the
iin/iter stage which precedes the d_scrim-

inator. Thus, for the same received signal
level the effective signal-to-noise ratio will
be decreased.

So long as the instantaneous peaks of noise

at the limiter input always remain a decibel
or two below the carrier level, normal opera-
tion of the demodulator is maintained, i.e.,
changes of x db up or down in the carrier
level will result in corresponding changes of
approximately x db in the ratio of signal-to-

basic noise measured at the baseband output.

But when the peaks of noise are approxi-
mately equal to the carrier, a threshold con-
dition is reached where any further decrease

in: ¢a rrier-toinoise ratio results in a much

more than directly corresponding decrease
in baseband signal-to-noise ratio.

For signals above the threshold level, good
conventional demodulators of the types used
in line-of-sight microwave links perform
quite satisfactorily and nothing is to be

gained by using more complex demodulating
equipment. This will probably be the state
of affairs under normal conditions in opera-
tional satellite systems. But when abnor-
mally low-level signals have to be received,

or when the noise level is unusually high,
e.g., due to heavy rainfall, it is highly desir-
able that the demodulator should have the

lowest possible threshold level. That is to
say the demodulator should continue to op-
erate down to the lowest practicable signal
level before the output signal-to-noise ratio
crashes catastrophically; under these condi-

tions very complex demodulating equipment
is justified, even if it lowers the operational
threshold by only a few decibels.

A number of techniques are known or have
been proposed for obtaining a lower thresh-

old, but the basic principle of all involves
either enhancement of the carrier or restric-
tion of the effective bandwidth before de-

modulation. Baseband signal processing
after demodulation (e.g., low-pass filtering)
can effect the overall signal:to-n0ise ratio
obtainable with any form of demodulator,

but will normally have only a second-order
effect on reliative performance of various
demodulators and a virtually neglible effect
on attainable threshold levels.

Frequency Modulation Feedback Demodulator

DesignFeatures

The frequency modulation feedback de-
modulator follows the general principles laid
down by Enloe* and is shown in block sche-

matic form in Figure 10"56: It accepts an
input signal at a mean frequency of 70 Mc,
up-converts to a mean frequency of 3590 Mc

*L. H. Enloe: "Decreasing the Threshold in F.M.

by Frequency Feedback", Proc. l.R._-_)_anuary 1962.
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INPUTJ AMPLIFIER

I

f 3515

I V.C.O. ,t

J,
m

FmURE 10-56.--FMFB demodulator, block diagram.
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and then down-converts again to 75 Mc. The

local oscillator for up-conversion is crystal
controlled; but the oscillator used for down-

conversion is a klystron which is frequency
modulated in such a manner that the devia-

tion of the final IF signal is reduced. The

modulating signal for the klystron is ob-

tained from the output of the final 75 Mc
demodulator.

The version of this demodulator which is

installed at Goonhilly normally operates at

one or other of two fixed bandwidths; how-

ever, experiments have been carried out

using continuously variable bandwidth fa-

cilities, so that the operating conditions can

be more accurately adjusted to optimum for

the signal level or modulation being received.

Pef_ofmonce

For television signals the threshold of the
FM feedback demodulator is some 4 to 5 db

below that for a conventional demodulator

when operated at adequate bandwidth to

allow satisfactory reception of both the video

signal and the sound subcarrier.

The performance for 240-channel te-

lephony signals is indicated by the curves in

Figure 10-57. It will be noticed that the FM

feedback demodulator provides appreciable

improvement over a conventional demodu-

lator (No. 6B) at values of IF signal-to-

noise ratio below 10 db; however, a further

improvement in this region would be required

to meet accepted international standards of

performance.

Figure 10-58 shows the baseband fre-

quency response under open and closed-loop
conditions.

Dynamic-Tracklng Varlable-Bandwldth
Demodulator

Pr;nclples Involved

Automatic control of the IF bandwidth

prior to limiting is already quite well known

as a method of improving threshold perform-

ance of a receiver demodulator in fairly low

deviation FM systems. In essence such an ar-

rangement maintains normal receiver band-

width until the input signal drops to a level

close to threshold, but for still lower levels

of signal the effective bandwidth of the re-

ceiver is progressively reduced. This reduced
bandwidth lowers the to_al noise and hence

the threshold, at the cost of rapidly rising
distortion. The occasional rises in inter-

modulation noise which result from restricted

bandwidth are generally to be preferred to

the relatively severe bursts of noise which

occur when a fading signal drops beIow

threshold--especially in lightly-loaded teleph-

ony systems.

An automatic bandwidth control arrange-

ment of this type is particularly useful for

rapidly fading signals and was used very

successfully in Post Office tests on a tropo-

spheric-scatter link during 1959-1960; but
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FIGURE 10-58.--FMFB demodulator, baseband

frequency response.

it is not suitable for use in wide-deviation

television systems.
It has been pointed out by Baghdady* that

in many wide-deviation FM systems, only

limited parts of the total signal bandwidth
are carrying essential information at any
specific moment, and that it should be pos-
sible to improve the threshold by a narrow-
band IF filter provided that the filter could.

be tuned rapidly enough to follow the chang-
ing location of the main energy in the signal
spectrum. Baghdadydescribes such a system
in outline and calls the device a dynamic
selector.

Design Features

A simplified block diagram of the demodu-
lator is shown in Figure 10-59. A single

tuned circuit is used as the variable filter,
and a varactor diode forms the tuning ele-
ment. Variation of the bandwidth is accom-

plished by alternating dc current through a
thermistor bead.

The relationship between frequency and

voltage which the varactor diode provides is
non-linear, but this is compensated by shap-
ing networks--in_-the ivideo amplifier.

A number---o]--different ways of varying
bandwidth were tr_e_d-;_but-the majority of

*E. J. Baghdady: "Lectures on--co-mm-u-nication

System Theory," 1961, Chapter 19.

i
i
|
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dbm_ DYNAMIC TRACKING J__ 70 Mc J_ BASEBAND

-9 VARIABLE BANDWIDTH W.B. DEMODULATOR AMPLIFIER

70 Mc I FILTER DEMODULATOR No. 6C AMPLIFIER No. 157A

MODULATED J AMPLIFIER No. 156A
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l .
FIGURE I0-59.--Goonhilly radio station: dynamic tracking demodulator.
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these resulted in tuning changes, and a
thermistor was found to be the most satis-

factory device.
The 3 db bandwidth of the tuned circuit

is adjustable from about 2 to 20 Mc, but the

narrowest bandwith is rarely useable in prac-

tice. A useful feature of the arrangement is

that, under wideband (i.e., high signal level)

conditions, the overall performance becomes

virtually that of the associated high-grade
conventional demodulator. The automatic

bandwidth control is adjusted to maintain

full bandwidth until the signal falls to within

a decibel or two of threshold, and then de-

creases bandwidth at a rate of approximately

2 to 1 for a 3 db drop in signal.

Performance

For television reception under the usual
conditions used for tests on Telstar and

Relay, this modulator gives an average

threshold improvement of about 4 or 5 db.

The improvement is greatest on fairly uni-

form areas of grey, or on areas of slowly

changing brightness; but is limited by noise

in regions where there is a sudden change in

brightness, due to inability of the narrow-

band circuit to follow fast enough. This fea-

ture can result in some roughness of vertical

edges under conditions of very low signal-to-

noise ratio, which can be considerably re-

duced by fly-wheel synchronization, or syn-

chronizing-pulse restoration.

The dynamic-tracking demodulator gives

optimum results only if the incoming tele-

vision signal includes a dc component, i.e.,

when specific frequencies correspond to the

synchronizing pulse, black and white levels in
the video waveform. It is less effective if

the earth-station transmitter originating the

signals uses no pre-emphasis and mean-fre-

quency automatic frequency control. Fur-

thermore, if the bandwidth restriction is

excessive, cross modulation from the video
channel into the sound-subcarrier channel

may occur.
The variable-bandwidth dynamic tracking

demodulator is considered unsuitable for

multi-channel telephony, and it is probable

that a simple variable-bandwidth system

(i.e., without the tracking feature) may be

preferred.

Possibilities for Further Improvement
of Demodulator Performance

Noise Limiting Techniques

At the output of a wideband demodulator

operating at or just below threshold, the

noise peaks are very narrow. It is suggested

that a peak-clipping device might be used at

that point to restrict the video signal to limits

appropriate to the white and synchronizing

pulse levels, and if the bandwidth is subse-

quently restricted, (e. g., to 3 Mc) the ampli-

tude of the noise peaks will be still further

reduced. The clipping must take place before
the video bandwidth is restricted.

It is possible that still further suppression

of these short duration noise peaks could be

obtained by arranging for automatic varia-

tion of the clipping levels, especially if the

main signal can be very slightly delayed and

advance information on its levels obtained

from an earlier part of the circuit.

Alfernat_ves Sound Channel Arrangement

The use of a sound subcarrier at 4.5 Mc

necessitates, for television a minimum IF
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bandwidth of slightly over 9 Mc. If this sub- there is some benefit from the specialized

carrier is eliminated an IF bandwidth of just demodulators, and at carrier/noise ratios less

over 6 Mc would give a full bandwidtfi video than 6 db there is a marked benefit.

response. In difficult receptlon conditions It is Po_Ssib!e that further development
some restriction of video bandwidth is per- work on noise limiting techniques in demodu-
:missible and the effective IF bandwidth

C_]d then be further re4uced. For example,
a 2.5-'Mc IF bandwidth would represent an
improvement of about 10 db in threshold

i_elative to a conventional demodulator of 25
Mc bandwidth.

Conclusions

When the carrier/noise ratio is appreciably
greater than that corresponding to threshold
conditions, a conventional demodulator is to

be preferred. At carrier/noise ratios (meas-
ured in 25 Mc bandwidth) less than 10 db,

lators might result in yet better performance,
and there is no doubt that elimination of the

sound subcarrier, e. g., by transmission of

the sound on pulses within the synchronizing
interval of the television signal, would
greatly increase the threshold margin for
television under difficult conditions.

AUT_HO_RS_:_:This chaPter _from th e fJnited
Kingdom was contributed by the General

Post Office, London, England. The foregoing
section on Demodulating Techn_queswas

authored by R. W. WHITE and R. J. WEST-

coTT of the GPO.
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THE TRAVELING WAVE MASER AMPLIFIER

Introduction

The design and performance of the 4170

Mc Traveling Wave Maser at Present installed
at the G.P.O. Radio Station, Goonhilly Downs,
is described. Means of increasing the band-
Width of the device are discussed. _

SystemRequirements and Maser Specification

The signal entering the first Stage':of _he
Go0nhilly receiver is very smali_ al_ou_t'10-_

watts, and the bafi_Wi_th of_the SYstem is
some ten s of megacycles. If the received
signal is: tobe amplified and......detected..... with
an accePtable signal to noise ratio then it is
essential that tt_e-_noise Contribution made

by the first stage amplifier should be as small
as possible. It was therefore decided that the
first stage amplifier should be a solid state
traveling wave maser having sufficient net

gain to: make: the noise contrlbution of the
second stage amplifier insignificant. The
specification for this traveling wave maser
is as follows:

Signal frequency ........ 4170 Mc

Gain (minimum) ........ 20 db
Bandwidth to 3 db points.. 25 Mc
Noise temperature ....... 15°K

Input VSWR ............ 0.666 over the
operating band

Operating life per filling
of liquid helium ........ 8 hr.

Design of the Maser

The overriding consideration in the design
of this maser was the need to produce an
engineered and operating device within some
six or seven months of the initiation of the

project. Sophistication in the design there-
fore was subordinate to expediency and as
far as possible use was made of immediately
available materials and techniques.

Active Materlals

Because of its ready availability in large

single crystals and also because of its proven
characteristics, synthetic :ruby was selected
as the active material. Previous experience
indicated _that the best orientation for maser

operation at frequencies below 7 kMc is that
in which the applied magnetic field is at right
angles to the c-axis of the ruby. In this
orientation the ground state of the Cr 3. ion
is split by the combined action of _the crystal
fields and the applied magnetic field accord-
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ing to the energy level diagram in Figure
10-60.

It has been found experimentally that
when the separation of levels 1 and 2 corre-

sponds to a frequency of 4170 Mc the greatest
inversion of the populations of these levels
can be obtained if the pump is applied be-
tween levels 1 and 4, i.e., at a frequency of
30,150 Me. In ruby having a Cr to A1 ratio

of 0.05 atoms percent we find that 1-4 pump-
ing produces an inversion ratio of 2.7 at
1.4°K.

Operation at 1.4°K involves reduction of

the liquid helium bath pressure to about 2.5
mm Hg. In practice this is accomplished
within less than half an hour of filling and
in an experimental system such as this
where operation over more than three suc-
cessive satellite passes is rarely required,
this is no disadvantage.

Assuming that the excitation at the signal
frequency is by an RF magnetic field circu-
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FIGURE10-60.--Energy level diagram
(Ruby, e = 90°).

larly polarized in the plane perpendicular to
the applied field (a condition which is closely
approximated in practice) and using the
tables of transition probabilities prepared by
Chang and Siegman* we calculate that 1-4
pumping in 0.05% ruby at 1.4°K will pro-

duce a value of Q_ of -15/n.** Q_ is the
magnetic quality factor of the structure and
is essentially a measure of the ratio of the
energy stored in the structure to the power
absorbed by the maser material, n is the
filling factor of the maiser and is the ratio
of the mean square RF magnetic field over
the volume of the maser crystal to that over
the volume of the propagating structure.
Although filling factors up to 0.5 are theo-
retically possible in a traveling wave maser,
experience suggests that 0.2 is a practical

figure. Taking _ _ 0.2 we have Q_ _ --75
as a basis for design.

Non-Rec|proc_ty

A traveling wave maser exhibits some non-

reciprocity by virtue of the fact that circu-
larly polarized fields of opposite sense interact
to different extents with the active ions.***

However, additional non-reciprocal backward
loss must be provided if a completely stable
device is to be obtained. Polycrystalline
yttrium iron garnet is a suitable material
for this purpose as its absorption line width
is reasonably narrow (c. 150 oersteds) even

at Iiquid heIium temperature. Because of its
high susceptibility only a small volume of this
material needs to be incorporated in the
maser. The dimensions of the yttrium iron
garnet (Y.I.G.) are adjusted in order that
resonant interaction at the signal frequency
can be obtained with the same applied field
as is required to give the correct ruby energy
level splitting. In the present case the field
is 3280 oersteds and an appropriate shape

for the Y.I.G. is a fiat disk of aspect ratio
0.1 with the plane of the disk perpendicular
to the applied field.

*W. S. C. Chang, and A. E. Siegman, Stanford
Technical Report 156-2, 1958.

**J. C. Walling, "Low Noise Electronics" (ed. K.
Endressen) p. 225, Pergamon Press, 1962.

***J. Osborne, Phys. Rev., 67, 351, 1945.
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Obviously it is necessary that the Y.I.G.

disk should be incorporated in the traveling

wave maser in such a way that they are acted

upon by a substantially circularly polarized

RF field of opposite sense to that acting upon
the ruby. This is accomplished by makinguse

of a comb slow wave structure as described

in the following section.

Slow Wave Structure

L 13 55 -,_ ,_12 0

LII |.ALUMINA J ]'_

T I ] Q_ 1.0

I  .o-d
The small signal gain of a traveling wave

maser can readily be expressed in terms of

tw°_quality factors, Qm, the magnetic Q-dis-

cussed above, and Qo, the intrinsic Q of the

propagating structure determined by ohmic
and dielectric losses-and also the forward .....

loss of the Y.I.G. If r is the slowing factor

(the ratio of the group velocity in the propa-

gating structure at the signal frequency to

thee free space velocity ofllght) and N is the - -,:__4: -_

number of free space wavelengths in the
structure,

_ .... L ..... _:=" . __ .....

FIOUR_ 10-61.---4170 Mc comb structure.

pressed in decibels is:

1 1
G = 27.3 rN

_ Q_, Qo

A structure having a slowing factor of 100

and an active length of 1.6 free space wave-

lengths (which is a convenient figureat a
frequency of 4170 Mc) will therefore give an

electronic gain of 58 db if Qm--75.

A suitable slow wave structure for the

traveling wave maser then is one having this

slowing factor and containing regions in

which the RF magnetic field is circularly

polarized, the structure must also allow prop-

agation of the pump frequency, not neces-
sarily in a slow mode.

All these requirements can be met by struc-

tures co]_sisting essentially of an array of

parallel conductors {n which the RF magnetic

field is substantially circularly polarized, the
senses of polarization on the two sides of the

array being opposite.

A comb structure* is used in the present
maser and has dimensions as indicated in

Figure 10-61, the positioning of the ruby,
dielectric and Y.I.G. disk in the structure is

apparent from this figure.**

The dispersion characteristic for this

structure when containing liquid helium is

similar to that shown in Figure 10-62, and

the slowing factor at the signal frequency is
110. The comb is milled from a block of high

conductivity copper. This form of construc-

tion tends to minimize conductor losses. (The

*R. W. DeGrasse, E. O. Schulz du Bois, and H. E.
D. Scovil, Bell Syst. Tech J., 38, 305, 1959.

**P. N. Butcher, Proe. I. E. E., 107B, 341, 1960.

....... /- _
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FIGURE10-62.--Phase change per conductor.

slowing factor of 110 quoted above was in-

ferred from the observed pass band of the

structure, subsequent measurements of the

_-fl characteristic of a similar comb suggest

that this is over-estimated by about 10 per-

cent.)

Input Leads

The input and output leads to the maser
are air dielectric coaxials of low thermal

conductivity (silver plated copper nickel).

The leads have an outside diameter of 15

mm and a characteristic impedance of 72

ohms. It is important that these leads have

a low electrical loss as they make the main

contribution to the maser noise tempera-

ture. At the cryostat head these leads ter-

minate in vacuum sealed waveguide to co-
axial transitions. At their lower end the

leads have tapered transitions to 5 mm OD

coaxials having P.T.F.E. dielectric. These

latter coaxials are matched to the comb by

means of the arrangement shown in Figure

10-63. Some adjustment of the separation

between the matching conductor and the first

finger of the comb is necessary if the opti-

mum match is to be secured over the pass
band of the structure.

The pump power at 30,150 Mc is supplied

by way of thin walled (0.2 mm) copper

nickel waveguide with the internal dimen-

sions of WG22. Approximately 40 mw is

required to saturate the pump transition,

this output power is obtained from selected

R9518 klystrons.

In this connection we may note that oper-

ation at 1.4°K calls for substantially less

pump power than does operation at 4.2°K

and thus, although with a given pump source,

pump frequency stabilization may be neces-

sary for 4.2°K operation, it is not necessary

for 1.4°K operation. No pump frequency

stabilization is provided in the present

maser.

Maser Pac/cag;ng

The final form of the maser package de-

pends on the form of magnet used. Super-
conducting magnets by virtue of their light

weight and very high stability are attrac-
tive for use with masers operating at liquid

helium temperatures and at the outset of the

development of the Goonhilly maser it was

hoped to make use of superconducting mag-

nets. It soon became apparent, however, that

the construction of a superconducting mag-

PUMP WAVEGUIDE

ADJUSTABLE

PLUNGER

COAXIAL

INPUT

HI
\

FIGURE 10-63.--Matching unit (schematic).
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net giving the requisite field homogeneity was Maser Performance
a matter of some difficulty and in view of the

Laboratory Operation

short time available for development, a per-
manent magnet version of the maser package In the permanent magnet shimmed to pro-
was constructed as a parallel development, vide a field of 3280 oersted uniform to better

than 0.1 percent over the volume of the ruby,The permanent magnet version of the maser
the maser gives in the laboratory the per-is illustrated in Figure 10-64 in which the

trimming coils used to adjust the field of the
permanent magnet are clearly visible.

formance summarized below:

Field ........................................ 3,280 oersteds
Pump frequency .................... 30,150 Mc
Operating temperature ........ 1.4°K
Electronic gain ...................... 50 db

Bandwidth to 3 db points .... 16 Mc
Noise temperature .............. 15---+4°K
Isolator backward loss .......... 60 db
Isolator forward loss ............ 3 db
Structure loss ...................... 8 db

Net forward gain .................. 39 db
Input VSWR ........................ 1.4
Operation life/filling

of He ............ 8 hr.

Saturation effects become apparent at an
input power of --65 dbm. The effect of pos-
sible breakthrough from the Goonhilly 6390
Mc transmitter on the maser performance

was investigated in the laboratory and with
the maximum power available (100 mw)
at this frequency incident on the maser the
performance at 4170 Mc was unaffected, and
subsequent site experience confirmed this.

The recovery time of the maser after satu-
ration at 4170 Mc is 150 milliseconds.

FIGURE 10-64.--Maser package with permanent

magnet.

Following the work of Cioffi* on the use of
superconducting screens in magnetic circuits,
a superconducting magnet has been devel-

Bandw|dth

The specification bandwidth of 25 Mc is
slightly greater than can be achieved in a
T.W.M. in a uniform magnetic field and
giving a net gain in excess of 20 db (Figure
10-65). This was realized at the outset of
the project-and the maser was. t-herefore

designed togiye a higher gain than the speci-
fied 20--ab in -a uniform field- in-orcier that

ultimately the bandwidth could be inereased,

for instance, by field staggering. (Another
reason why the maser was designed for high

oped in which satisfactory operation of this gain was that the operating temperatures
maser in the laboratory has been obtained, which would be obtained at Goonhilly were

• -uncertain in view of the considerable length
Superconducting magnet masers have not .... _.......
been employed in the Goonhilly system. - *P. P. Cioffi, J. A. Phys., 33, 875, 1962.

= .. ...... __

-z ..........
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FIGURE 10-65.--Bandwidth vs. electronic gain (G,,) for TWM in uniform field.

of pipe between the maser and the helium

pump--in the event 1.4°K was readily

achieved.)
The bandwidth of a T.W.M. can be in-

creased in practice by staggering either the

crystal orientation or the magnetic field

along the length of the maser. Orientation
staggering is undesirable as it results in an

unfavorable exchange of gain for bandwidth.

The bandwidth resulting from various

forms of field staggering has been calculated

on the assumption of a Lorentzian line shape

and is plotted against peak electronic gain

in Figure 10-66. Clearly a substantial in-

crease in bandwidth can be obtained by

the simple expedient of introducing a step

in the magnetic field by suitably shimming

the magnet.

In Figure 10-67 the observed gain of the

maser is plotted against frequency for

the case in which a step is introduced in the

magnetic field by means of 0.006" steel shims

on the magneti_c pole faces (magnet pole gap

----2.25").

Site Operation

The uniform field permanent magnet ver-
sion of the maser was installed in the Goon-

10o

2 5 10 20 5O 100

(OG - 3) db

FIGURE lO-66.--Bandwidth curves for maser with
electronic gain of 50 db in uniform magnetic field,
temperature 1.4 ° K.
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FIGURE 10-67.--Net gain--frequency characteristic

of broad band maser.

hilly aerial in June 1962 (Figure 10-68) in
a cabin at the back of the dish and gave a
similar performance to that measured in the
laboratory. It was not possible to obtain
consistently an operating life of eight hours
per filling of liquid helium when operating
at 1.4°K, this being presumably due to the

continuous movement of the aeriaI during
satellite tracking. Changes in elevation of
up to 100 ° are possible and for this reason
the maser is mounted at 45 ° to the vertical

when the dish is pointing to the horizon
(Figure 10-65).

Following the initial Telstar experiments
which were carl_ied out using the maser in a
uniform magnetic field, the bandwidth of the

device was increased by shimming the mag-
net as previously described. A further im-
provement made has been the replacement

• ÷

741

FIGURE 10-68.--Maser installed at Goonhilly.

of the small helium dewar vessels illustrated

in Figure 10-64 by substantially larger ves-

sels as shown in Figure 10-69. The use of
the larger vessel has increased the continuous
operating time per filling of liquid helium
from less than eight hours to about 2 days.
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FIGURE10-69.--Maser with large dewar
at Goonhilly.

DIGITAL TECHNIQUES USED

Summary

A description of the logic design for the

digital control equipment is followed by

further descriptions of items of particular

interest. The means of applying offsets to

the demanded aerial position for overcoming

possible inaccuracy of the predicted orbit;

and to demand accurately determined veloci-

ties manually; means of conversion from

pure binary form to provide displays in

terms of angles, and the derivation of analog
voltages for the servo'amplifiers are dis-
cussed in detail.

A critical analysis of the equipment in the

light of operational experience concludes this

chapter.

Introduction

The prime function of the digital control

apparatus was to position the steerable aerial

IN THE AERIAL STEERING

in both azimuth and elevation axis in re-

sponse to information on a punched tape.
Due to the need for efficient use of the

tape, a system of linear interpolation over
200 millisecond intervals was used.

The digital equipment performed the inter-

polation process and calculated the angular

position error signal fifty times per second.

Actual positions were determined by an

optical Gray Code shaft encoder, suitably

decoded, and applied to the error arithmetic

unit.

Displays were provided showing aerial

position, the angle demanded by the tape,

control clock time, the angular corrections

which might prove necessary to cancel out

inaccuracies of the predicted trajectory. The

other requirements of the digital apparatus

were to provide accurate velocity signals, set

manually, and to produce punched paper tape
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records of aerial performance. :Further sig-

nals, concerned with the G.P.O.communica-

tion equipment were recorded on the same
tape via a digital logger.

System Design

DesignParameters

The following parameters we re_gi_ven:
1. A sample rate of fifty times per second.
2. Accuracy of digital equipment from

tape reader to error better than two min-
utes of arc.

3. A ten-volt range in analog correspond-
ing to ±42 minutes of arc error.

4. A standard frequency source of 2 kilo-
cycles per second.

5. Tape information.
Items 1, 2, and 3 were determine_d--by the

servo design. Item 4 was a G.P.0. standard.
Item 5 will now be discussed in greater
detail.

z

Control Tape Information

The tape information is given in cycles,
of a second duration. The demandedazimuth
and elevation angles are stated in full form

once per second.
Increments to be used for linear interpo-

lation are stated in the following form: each

increment corresponds to one tenth of the
change in position over 2_00 milliseconds.
There are five such increments for each axis.

Each increment is used ten times, making in
all fifty calculations per second of demanded
angle, for each axis.

As the information is renewed once per
second, any errors occurring in the arith-

metic cannot endure longer than part of a
second. A code identifying the tape is stated
once per second.

Waveforms are derived by division of the
2 kilocycle waveform and subsequent group-
ing using AND gates, see Figure 10-70.

cuit logic elements are used throughout.

Wovefoem Generatlo_ _ .

It is convenient to use the standard 2 kilo-

cycle signal to define the digit periods di-
rectly.

_ --1 DIV1StON_ STOP _

J . SEC5 MINS

, RE - COMBINATION J TO GPO MONITOR

TAPE SYNCH
A/M/H SWrTCH _ CONTROL I-_ PUNCH SYNCH

WA_FORMS _ A,/M UNIT CONTROL

: 2_ _ _IMING XLI_ UNffS _- SET ZERO ERROR

FmURE 10-70.--Control diagram.

Each digit period is divided into four non-
contagious phases. The phase waveforms
are useda_ st2obes to avoid spurious spikes
caused by the AND operation on adjacent
edges--this is established technique.

Operatlona| Mode

In order to obtain the greatest reliability,

pure binary serial arithmetic is used for the
interpolation and error calculation.

The use of serial arithmetic requires serial

to parallel conversion for error and tape
punching. This is accomplished by the use of
shift-registers. The only parallel conversion
occurs in the Gray to Binary Conversion of
the actual position transducers. Simple
serial decoding would result in the most sig-
nificant digit being produced first in time
which is inconvenient for the subsequent
arithmetic operations.

Peripheral Equipment

Logic design for tape reading and tape

punching is well established, and will not be

treated here isn detail. The decoding tech-
Information corresponding to the aerial niques forthe mechanical encoders used for

gain appropriate to the range of the satellite _ correction and velocity increments is des-
is given once per second, cribed later in detail.

Standard resistor-trans!sto r printed cir- Accuracy

The accuracy of two minutes of arc of the

digital system is n_ade_ several parts.
1. The accuracy of the shaft encoder

2. Rounding errors in thear_hmetic
3. Drift in the digital to analog converter
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The order of 1 and 2 are approximately

the quantum step chosen and 3 can be im-

proved by technique. The choice of a 16 bit

system--i.e., 216 quanta equivalent to 360 °

of arc gives a quantum size of 19.77 seconds

of arc. This value enables the design figure

of 2 minutes to be improved upon under nor-
mal circumstances and leaves error in hand,

so to speak, for the rest of the control design.

For accurate interpolation it was necessary

to specify the incremental information on the

control tape to 2-2°× 360 ° , the difference

in accuracy of the resultant demanded angle

and the 16 bit accuracy of actual position is

referred to above as rounding error.

System Diagram

The final realization of the requirements

is shown in Figure 10-71. The functions of

each black box will be briefly described and

the more interesting aspects will be treated
in detail.

Tape Reading

The control tape advances one cycle per

second in response to a control signal This

control signal occurs only when the following

conditions apply:
1. When there is coincidence between the

control clock and the time last read from the

control tape.

2. When switching from manual to auto-

matic operation so that the store can be

"primed" with sensible information.
3. After the absence of one time coinci-

dence to prevent the reader stopping in the

event of a single mis-read or mis-punch.

(This is extremely rare, of course.)

Tape Store

The data from the tape-reader occurs in

sets of four parallel digits, the other track

of the five track tape being used for syn-
chronization.

Each set of digits is routed, using gating

logic derived from counting rows, into an

appropriate store.

Correction Logic

A mechanical encoder with a control knob

on its input shaft at the control desk is used

to derive parallel signals to be used for cor-

ACTUAL

ANGLE

_O---_ INTERPOLATION H

AND E_

J-AL_J CORRECTION ARITI

_..J I AR,T,METIC

CONTROL

CONTRO'
SIGNAL

_'-AL

LDH TAPE_M_NDANGL_I _AZ_
L_ L _ I_
L °3 L CORRECTION

L Os _ I _A_l

TO AZ

STRVO

AMP

,NTER O T,ON II-------I I---q TO LAND ERROR J.--J LiMITiNG H DAC J-_ S_RVO

CORRECTIONARITHMETIC ARITHMETIC I _ J J AMP

FzGtraE 10-71.--System diagram.
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rection when on AUTOMATIC control. The

same parallel signals are Used as increments
Of position for MANUAL control. The me-

chanical shaft encoder outputs are in coded
form to minimize ambiguity of readout. A

decode unit converts to parallel signals rep-
resenting signal and magnitude.

Auto/Manual Unit

This unit selects inputs to the arithmetic
unit appropriate to the control mode.

On automatic mode the following opera-
tions are performed :

1. From the store are transferred de-

manded angle at 1 second intervals and
increments at appropriate times to the arith-
metic units.

2. From the correction logic the parallel

signals are transferred fifty times per sec-
ond in serial form to the correction arith-
metic.

On manual mode the sequence is:
1. On first switching use actual angle as

initial demanded angle.
2. Use the correction signal as an incre-

ment to be added fifty times per second--

this will give rise to a uniform velocity; in
order to maintain smooth minimum velocity
the significance of the parallel digits is re-
duced by a factor of 2 -7.

Interpolation and Correct;on Ar;thmeti¢

The interpolation arithmetic performs the
function of adding each tape demanded in-
crement ten times to the accumulated angle.
The value of the increment is renewed five

times per second as previously explained. On
manual control the increment remains at a
constant value until the encoder shaft at the

desk is turned. To avoid ambiguity due to

sampling the parallel output while rotating
the shaft, a 50 microsecond sampling interval
is used.

While the correction signals are used for
manual velocity setting, their use as correc-
tions as used on "auto" are inhibited.

Error Arithmetic

The difference between the actual and cor-
rected accumulated angles is calculated in

74_

the er/-or arithmetic. Negative errors are

Prefixed by a bar digit.

Limiting

=As the range of errors is smal! compared
with a full revolution, the digital input to
the D.A.C. is limited. In the event of a large

error the appropriate end limit of the D.A.C.
is demanded. This enables the D.A.C. to have

a sensible dynamic range.

Digital to Analog Conversion--D. A. C.

The limited parallel digit signal is trans-
ferred 50 times per second into the D.A.C.

and a signal of _ 5 volts about a -l-5.0 volts
level is produced. This is appropriate to an
error range of _+ 42 minutes approximately
(--4---128 quanta).

Shaft Encoders

Avr0 sixteen-bit gray-code shaft coders
are connected to each axis. The encoders
have. their own amplifiers which apply sig-
nals to the coaxial lines from the aerial site

to the steering apparatus room. As the azi-
muth motion exceeds 360 °, a signal indicat-
ing positive rotation beyond due south is
derived from a trip switch. This signal is

combined logically with the 180 ° encoder
track signal to produce the digit of signifi-
cance 360°X 2 when a full rotation has

taken place. This digit is referred to as the
17th bit.

Gray to Binary Decoder

This converts the sixteen parallel digits

from the encoder to pure binary form and
adds on the 17th bit where appropriate.

On elevation of course the 180 ° track

would not normally be used as the maximum
rotation is only 100 _ Of arc, but for reasons
of compatibility the full information is used.
The azimuth and elevation channels are made

as identical as possible to make testing and
fault findifig straight forward.

Displays

The displays shown on the diagram are

situated on the control desk with the excep-
tion of Slant-Range db display whicl_ is on
the Beam-Swingers consolE: The derivation



746 RELAY I--PART III

of all desk displays is considered in detail
later. The slant range display is derived
from an accurate dc voltage produced by a

digital to analog converter.

Control Tape Reading Scheme

The control techniques for operating the
Elliott high speed tape reader have been
described elsewhere. A buffer tape reader
was used in order to maintain a loop at the

input to the high speed reader. This prevents
snatching of the tape by the high speed
reader which would give rise to reading
errors.

Record Tape Punching

The information to be punched once per
second is as follows:

1. Time in hours, minutes and seconds
2. Demanded angles at start of second
3. Error in full form at start of second

4. Tape identity code
5. Applied correction
6. Data derived from the data logger
(1) and (2) endure for a second and need

not be stored again. (2) and (3) and (5)
occur for less than one-fiftieth of a second
and are stored. The data logger information

is held in a store until punching has oc-
curred.

The punch drive scheme was the one rec-
ommended by the manufacturer.

The record punch was used on manual

operation also. This enabled check of the
equipment to be made conveniently.

LogicTechniques

Much of the logic design uses well-estab-
lished technique. While no novelty is claimed
for the items which are now described, it was

considered that they are sufficiently interest-
ing to be described in further detail.

Des|gnof Interpalat;on and Error Ar;thmetlc

With reference to Figure 10-72, it will be
seen that the demanded angle accumulator
is a 24 bit shift register. The most significant

digit is the one referred to as the 17th bit,
the next 16 in significance are the digits
appropriate to the 16 working bits, and the

ACTUAL ANGL[

II_CREMENT ARITHM_IC CORRECTION ARITHMETIC ERROR ARITHMETIC

FIGURE 10-72.--Arithmetic scheme.

remaining digits are necessary to prevent
coarseness of demanded angle after the addi-
tion of several increments.

The ten bit shift register recirculates to

preserve the increment value for succeeding
additions. The result of adding or sub-

tracting increments to the demanded angle
via the add-subtract unit is recirculated into
the 24 bit accumulator. The serial accumu-

lated angle has added to it the correction
which has been converted to serial form in

the shift register shown. The resultant angle
is the complete demanded angle.

The actual angle serialized after the Gray

to Binary conversion is subtracted from the
demanded angle in a subtractor and the re-
sult stored in a 17 bit shift register and used

in parallel for the digital to analog conver-
sion.

Logic (not shown in the diagram) inspects
the magnitude of the 17 bit number stored in
the shift register. If it is less than + 128

quanta, digital-to-analog conversion takes
place and produces an error analog for nor-
mal control of the aerial. If the value exceeds

128 quanta but is 14ss than _+256 quanta,
limiting occurs in the D.A.C. as previously
described. If the value exceeds +--256

quanta, protective logic causes the aerial to

ignore this gross error condition and to coast
for one or two seconds after which emerg-

ency stopping action is initiated if the gross
error still persists.

Techniquesfor Generating a Parallel Ten-BitB;-Po|arNumber

As it is impossible to accurately predict

the trajectory of a satellite during the initial
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orbits, it was necessary to enable corrections
to be made to the predicted angies on the
control tape.

Any errors in the predicted time of arrival
can be corrected in advance, the actual

launch time then being known, by advancing
or retarding the control clock by means of
switches on the control desk as Shown in the
control logic diagram (Figure 10-70).

The correction signal is generated digi-
tally in terms of sign and magnitude for the
following reasons :

1. For convenience of calculation in the
arithmetic

:2. For convenience of display generation
The two shaft encoders for each motion

consisted of an 8 bit Gray fine-enc0der and
a binary encoder which had lagging and lead-
ing contacts to overcome ambiguity of read-
out due to the gear-box between the encoders.

The fine encoders were driven by hand con-
trol knobs, one for each motion, on the con-
trol desk. (See Figure 10-73.)

The encoders were capable of generating
a 12-bit parallel number. The 10 least sig-
nificant tracks were used for the 10-digit
number and the most significant track for
sign. The other track was not used, but was
an alternative sign track should it be needed.

In this form, of course, negative numbers

will not be correctly represented, but by
inverting the ten least significant digits when

the first track indicates a negative sign (0

SHAFT ENCODERS

BINARY _ GRAY

IrPllll tlliJldt

FlilllMAGNITUDE

I IIIlllllll
SIGN 10 BIT BINARY

J_ DESK

CONTROL

FIGURE 10--73.--Binary code converter.
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for negative, 1 for positive, say) it is pos-
sible to approximate to negative numbers,
the inaccuyacy being one quantum. How-

ever, there is an advantage in retaining the
inaccuracy of negative magnitudes in this
form as the representation of zero is now two

quanta wide. This is convenient as it allows
zero correction to be set more readily. This
is also important on manual control where

the !0=bft_umber is used, with the signifi-
cance_o_f the digits reduced, to produce a
velocity signal by accumulation of equal in-

crements. It enables zero velocity to be
obtained and held with greater reliability.

As the display of correction was to the

nearest minute it was necessary to provide
an additional indication of true zero. This

was achieved by surrounding the display
zero with a green-field.

Means of Obtaining D/sp/ays

Elevation and Azimuth Applied Correc-
tion Display: The display logic converts two
10-digit dinary numbers into degrees and
minutes. Angles up to a maximum of 5
degrees are converted and displayed at in-
tervals of 0.5 second.

A simplified diagram of the system is
shown in Figure 10-74.

System Outline--A negative pulse sets the
binary counter B and the degree and minute
counter D to zero and at the same time a

positive pulse puts the input binary number
into stores, Si.

A start pulse sets the binary output F to
'T' allowing 4 kc pulses to pass through the
gate G into the binary counter B and through
M into the degree and minute counter D.

When a binary number counted in B and
the input binary number stored in $1 are
identical, the output from the coincidence
logic C becomes "0" resetting the binary out-

put F to "0". This inhibits the input gate G
preventing any further count.

A positive pulse transfers the completed
count in the degree and minute counter D

to the stores $2 leaving the system free to
make the next conversion. During the next

conversion, the angle stored in 4, 2, 2, 1 code
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IO DtGIT FROM ENCODER

1,
STORES

t_
co,_cICO,NCIOENCE- I

t,

G

MINUTE

START

FIGUR_ 10-74.--Display logic for azimuth and
elevation correction.

in $2 is decoded by amplifiers A and dis-
played as illuminated figures.

The binary to minute conversion is olo-
tained by running counter D slightly less
than three times slower than counter B. The

minute converter M gives an output minute
pulse for every three input pulses except for
the 10th minute pulse and every subsequent
29th minute pulse which require four input
pulses each.

In the special case of zero binary input
the coincidence logic output would be "0" as
soon as B had been set to zero. This would

not prevent F from going to "1" and a max-
imum count being obtained. To avoid this

the "0" on the coincidence logic is used to
present this starting pulse from passing
through gate K. The edges of the square
waves applied to the coincidence logic C from
the binary counter B have finite rise and fall
times. Because of this there is the possibility
that spurious coincidences could occur at the

edges of these waveforms. These momentary
coincidences would result in negative spikes
from the coincidence logic C.

The spikes are prevented from passing
through the gate R by strobe pulses which
are obtained by delaying the 4 kc pulses at

L. The delay time is such that strobe pulses
are at "0" whenever a spike is present.

When the display reads 0 ° 0' the correction
signal may be one or two binary digits caus-
ing a slow drift on manual control. The out-

puts of the three zero amplifiers and the zero
outputs of the stores for the two least sig-
nificant input digits are connected to a 3
gate. When all the inputs to the gate are "1",
the output is a "0"; this inhibits the sign
amplifiers and gives a "1" on the input to an
amplifier whose output is connected to the

display. This gives a green field in place of
the -{- or -- sign on the display indicating
that the manual correction is at true zero.

Elevation Readout--The elevation logic
converts a 15-digit binary number into de-
grees and minutes up to a maximum of 100
degrees. The conversion is repeated at one
second intervals.

The conversion is done in two stages:

1. The four most significant binary digits

are counted ; each unit representing an angle
of 11 degrees 15 minutes

2. The remaining 11 binary digits are
converted using the method described under

Applied Correction Readout. A simplified
diagram of the system is shown in Figure
10-75.

System Outline--A positive pulse puts the
binary input number into stores 81, S2 and
at the same time a negative pulse sets the
counters B1, B2, M and D to zero.

A positive pulse starts the degree counter
which for each single pulse into B2, counts
11 pul,ses into D via "or" gate B, and 15
pulses into M via "or" gate A.

When 60-minute pulses have been counted
in M the degree pulse carried over to D is
delayed at L1 to prevent it reaching the "or"
gate B at the same time as one of the degree
pulses from the degree counter.

When the binary number counted in B2
is identical to the number stored in $2 the

output from the coincidence logic C2 be-
comes a "0" stopping the degree counter.
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FmgR_ 10-75. Display logic for demanded and
actual elevation.

Sufficient time is allowed for a full count

of 15 in B2 if necessary. A negative pulse
starts the minute converter which counts

out the remaining 11 binary digits. The
minute pulses pass the "or" gate A into
minute counter M.

After sufficient time has been allowed to

complete the conversion a positive pulse
stores the count in $3 and $4.

The angles stored in 4, 2, 2, 1 code in $3
and $4 are decoded by amplifiers A and dis-
played by digilites.

The degree output from $4 is taken in

4, 2, 2, 1 code to a digital analog converter
which drives a meter display.

When M is set to" zero a delayed pulse is
set up in L. This set is prevented from pass-
ing into D by inhibiting the gate G with the

set pulse. The set pulse is of longer duration
than the delayed pulse.

When coincidence occurs this prevents any
further count. The degree and minute coun-

tersM ai]d D will then contain a-multiple of-

the angle 11 degrees 15 minutes. The minute
converter is described under Applied Cor-
rection Readout.

Azimuth Readout Tape Demanded and
Actual--The azimuth readout converts a 17-
digit binary number into degrees and min-
utes. The angle is displayed in the range
÷ 250 degrees at one-second intervals.

The conversion is done in three stages:
1. The binary number 010110001II60i_][_

(250 degrees) is subtracted from the input
binary number.

2. The five most significant binary digits

are counted, each unit representing il de-
grees 15 minutes, as described under Eleva-
tion Readout.

3. The remaining 11 binary digits are con-
verted using the method described under

applied Correction Readout.
The last two stages in the conversion are

identical to the elevation readout for the

added digit__ thesubtractor unit and the re-
placement of the input stores by a shift-

register. _ simplified diagram is shown i___n
Figure 10-76.

System Outline--The binary number to-l:_
subtracted (250 degrees) is set in the shift

SHIFT PULSES

1
SET __ SHIFT REGISTER J_ DIFFERENCE

2 o-- l'--
,_J COINCIDENCE J ._I COINCIDENCE

I I DErECTOeCIJ I I DETECTORC2

lit li 'C OUNTER BIJ C OUNTER..... fi2

l I I SIGN ._p

4 k¢ _ " START

GREES

TO
DISF_,.Ay ........

__SERIAL
INPUT

FIGURE 10-75.--Display logic for demanded and

actual azimuth.
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register H. This number and serial input are
then shifted into the subtractor unit, and
the difference replaced in H as it becomes
vacated.

When the serial input is greater than 250,
the difference (0--250) is positive and is
stored in H. The sign from the subtractor
is positive.

When the serial input 0 is less than 250,
the difference (0--250) is negative. This is
recirculated into the subtractor unit and

subtracted from the input which is held at

zero. The new difference (250--0) is positive
and stored in H for the rest of the second.

The binary number in H is converted into
degrees and minutes as described under Ele-
vation Readout.

Digital to Analog Conversion Techn|ques

The error voltage to be applied to the input

of the servo-amplifier is in the range 0 to 10
volts, 5 volts representing zero error. This
voltage is derived from the output of a sum-
ming amplifier of better than I percent line-
arity and drift, which is enclosed in a small
constant temperature enclosure--a modular.

The input currents to the summing ampli-
fier are derived from a precision voltage
source, and precision resistors, also enclosed
in the temperature controlled oven.

Parallel transistor switches, with satu-
rated collector-emitter voltages of the digits
matched, are driven from stores into which

have been transferred the parallel represen-
tation of the error.

The representation of the error is in bar

notation, that is, the sign digit has signifi-

cance similar to bar 1, etc., of the familiar
logarithm table notation.

The error has been generated in this form

as it simplifies unipolar switching. In the
absence of a bar-digit, an input current ap-
propriate to half-scale deflection is applied.
In the absence of the least significant digits,
this is equivalent to zero error.

Full scale positive is produced by energiz-
ing all switches, full scale negative by all
switches being open.

I--PART III

Operational Experience

A critical analysis of the design of the
digital equipment in the light of operational
experience would perhaps best be made by

others but the following points are worth
making.

Reorganization of tape-format and the
need for linear interpolation over 200 milli-
second periods could well be investigated fur-
ther when a full analysis of all likely orbits
is made. This would enable longer periods of

tape operation and would reduce storage and
simplify the logic. Control under manual
operation could be improved by resetting the
demanded accumulator angle to the actual
angle once per second. This would prevent

an occasional gross error from being perpetu-
ated on manual control.

There is insufficient data yet for prediction
of future reliability of the digital equipment
but the incidence of reading errors and in-
accuracies from other sources is extremely
low and augurs well for the future. It is
extremely difficult to design digital compen-
sation networks unless the servo parameters
are accurately known. Now that the mechani-

cal parameters are well defined it is thought
that digital compensation techniques are
worthy of further consideration.

Conclusions

The digital steering apparatus installed at
the G.P.O. Radio Station has been described

and discussed in detail where it was thought

appropriate. This was an example of a digi-
tal and analog servo mechanism of the type
where the sample rate was high compared
to the band-width of the control system. The
design of the apparatus was extremely inter-
esting not only for its obvious technical and
national interest but for the stimulation it

gave to further investigation into the digital
control field.
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Chapter 11

Results Of Tests Performed With Relay I At The
Goonhilly Downs Space Communications Station

n
E

m

=_

INTRODUCTION

The first active communication satellite

Telstar I was launched from Cape Cana-
veral by the U. S. National Aeronautics and

space Administration (NASA) in July 1962,
and was followed in December 1962 by satel-
lite Relay. Since then many tests and dem-

Cornwall. It is to be noted that much addi-

tional data on the performance of the com-
munication satellite has been obtained by
NASA via telemetry transmissions from the
satellite.

The cooperative program of tests between
the various earth stations has been coordi-

onstrations of television, multi-channel te- nated by a Ground Station Committee. This
Iephony and telegraphy, facsimile and data committee, which is chaired by NASA, in-

transmission have been m_ad_e._via this exper- eludes representatives of NASA, the admin-
imental satellite. In addition, much data

has been accumulated on microwave propa-
gation, earth-station receiving system noise

temperatures and satellite tracking accuracy.
Such tests and data will be of considerable

value for the planning and deslg_ of future

operational communication-safe|lite systems.
This section reviews the results obtained

from the tests with the Relay satellite and
draws some broad conclusions as to their

implications. Since it will not be possible to
present all the data, a representative selec-
tion has been made. ....

Several communication-satellite earth sta-

tions, including those at Andover (Maine),
Nutley (New- Jersey), Pleumeur-Bodou

istrations concerned with operation of the
stations, and the satellite designers.

Before discussing the tests it will perhaps
be of value to outline briefly the character-
istics of satellite Relay and its orbit, and the
characteristics of the Goonhilly earth station.

The Relay Satellite and Its Orbit

The main characteristics of the Relay sat-
ellite are shown in Table 11-1.

Characteristics of theGo0n-h||iy Earth Station

In its present--form tl_e Goonhilly earth
statiQnhos_ been designed and built primarily
to ¢_n_a_ble-i:ests-t_o:be m:adewit-h:-experimental
communication satellites, and also to be ca-

pable of development into an operational
(France), Rio de Janeiro (Brazil), and station at a later stage if required. For
Fucino (Italy_)_:-to-0-_part in the tests. Tl_e -_h_ reason it incorporates extensive testing
results P_rdsented, however, aremainlyt_i0se_ equipment and other fac_ties that would
obta{ned-'from-_measurements " made_-at-ti_e -not _necessarily be part of an operational
British Post Office earth-station at Goonhilly, station.

753
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TABLE l l-l.--Main Characteristics of the Relay Satellite

Date of launch ...............................

Present status (Nov., 1963) ..................

Transmission characteristics:

Transmit frequency (Me) ..................

Beacon frequency (Me) .....................

Receive frequency (Me) .....................

Radiated power (watts) .....................

Transponder bandwidth (Me) ...............

Orbit:

Perigee (statute miles) ......................

Apogee (statute miles) ......................

Inclination (rel. to Equator) .................

Period (minutes) ...........................

13 December 1962

Operational

4170

4080

1725

10

25 and 2 X2

840

4600
47.5 °

185

Steerable Aerial

The steerable aerial at Goonhilly employs

an 85-ft diameter parabolic reflector with a

feed in the aperture plane, Figure 11-1.
Unlike the aerials at Andover and Pleumeur-

FIGURE l l-l.--Goonhilly aerial.

Bodou, the Goonhilly aerial is designed to
operate without a radome. The dish can be

rotated in azimuth through -250 degrees,

and in elevation from 0 to 100 degrees, by
servo-controlled motor drives. The aerial is

steered on the basis of predicted orbital data,
with either manual or automatic fine correc-

tion of any residual errors in the data. The

predicted data, which corresponds to the

X, Y, Z coordinates of the satellite position

at 1-minute intervals of time, is supplied

over a teleprinter link from the Goddard

Space Flight Center, U.S.A., up to a week

or so in advance of each satellite pass. From

it is derived, via a computer at Goonhilly,

azimuth and elevation angle pointing data
at 1-second intervals of time. The latter data

is recorded on punched tape and used to con-

trol the aerial steering system.

Any errors in aerial pointing are deter-

mined by causing the aerial beam to scan

conically over a very small angle, e.g., 0.03

degree. The resulting amplitude modulation

of the microwave beacon signal received
from the satellite is detected and used to

correct the aerial pointing, by either manual

or automatic remote-control of the position

of the feed at the focus.

Aerial Gain and Radiaflon Diagram

The accurate measurement of the gain of

large-aperture microwave aerials is a matter

of some difficulty, since the test transmitter
or receiver must be located at least several

miles away if a sufficiently plane wave is to
be achieved. If tower-mounted test aerials

are used, undesirable ground reflections are

liable to arise, thus causing errors. However,

the radio star Cassiopeia A provides a source

of known and stable amplitude free from

such limitations. Measurements of the gain

of the Goonhilly aerial at 4170 Mc using

Casslopeia A indicate a gain of 55.6 db

(excludi_ waveguide losses) relative to an

is0tropic aerial, as shown in Table 11-2:

The gain of 4170 Mc is some 3.5 db less

than that of an ideal aerial with the same

feed radiation pattern, the loss being mainly

due to dish profile inaccuracies (these being
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TABLE l l-2.--Characterlstics of Goonhilly Aerial

Characteristic Gain or Loss (db)

Frequency (Mc) 6390

Gain Of ideal aerial:

Grain with uniform illumination

Loss due to tapering ..........

Gain with tapered illuminatlon_

Additi0nal !oases due to:

Feed support shadowing ......

Reflector profile inaccuracies___

Total .......................

Gain of actual aerial ............

t 4-__A_°__

53.4 61.1

1.8 2.0

5,.6 59.1

I

, .5 ] , .5

O.4 l 2.0

'.9 3.5

1
49.7 [ 55.6

I

64,8

3_0

61.8

,.5

4.8

6.3

55,5

less than 3/16 inch over the area of the dish

within the 45-ft diameter); the remaining
losses are due to scattering from, and aper-
ture blocking by, the feed supporting struc-
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ture. It is t o be noted that the feed pattern
is heavily tapered, the radiation intensity at
the rim of the dish being some 18 db below

that at the center, in order to reduce noise
pick-up from the ground. The aerial gains
at 1725 and 6390 Mc are 49.8 and 55.5 db,
the losses being 1.8 and 6 db respectively,
relative to an ideal aerial. The larger losses
at 6390 Mc are due to the greater effect of

profile inaccuracies as the frequency is in-
creased.

The aerial radiation diagram at 4170 Mc,
for angles up to + 6 ° from the main lobe,
is shown in Figure 11-2. For angles be-
tween + 10 ° and ± 90 ° the minor lobes are

at least 50 db below the main lobe, and
beyond -+ 90 ° they are at least 70 db below.
The high discrimination provided by such
aerials is, of course, a major factor in avoid-
ing interference to and from terrestrial

RELATIVE
GAIN
(db)

-10 --

-20 --

-30

-40 --

-50 --

[ I
-6 -4

I I I ! 1
-2 0 +2 +4 +6

AZIMUTH ANGLE (degrees)

FIGURE ll-2.--Goonhilly aerial horizontal radiation diagram (4170 Mc).
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radio-relay systems, and other satellites,

using the same frequency bands.

The main lobe of the radiation diagram at

4170 Mc is shown in greater detail in Figure

11-3, which gives a comparison between the

measured and computed values. The ampli-
tudes of the first pair of minor lobes are

somewhat larger than the computed values,

due to scattering from the feed supporting

structure. The width of the main lobe, 3 db

below the maximum amplitude at 1725 Mc,

is about 24 minutes of arc; it is 12 minutes

of arc at 4170 Mc and only nine minutes at

6390 Mc; thus pointing accuracies of less
than a few minutes of arc are essential if

significant losses of received signal strength

at earth station and satellite are to be

avoided.

Receiving System Overall Noise Temperature

The signals received from Relay--even

allowing for the gain of the 85-ft aperture

aerial--may be only of the order of a micro-

microwatt, and a low-noise receiving system

is therefore essential. The Goonhilly receiver

incorporates a liquid-helium cooled maser

operating at about 2°K, the equivalent noise

temperature at the maser input being about
12°K. However, the losses in the waveguide

feeders, filters and other components be-
tween the maser and the aerial feed increase

the overall receiving system noise tempera-

RELATIVE
GAIN

(rib)

T HEORET ICAL

×_X MEASURED

-20 - 10 0 +10 +20 +30 ÷40

AZIMUTH ANGLE (minutes)

FIGURE ll-3.--Goonhitly aerial horizontal radiation diagram main lobe (4170 Mc).
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ture to about 55°K when the aerial is point-
ing at the zenith, as shown in Figure 11-4.
As the aerial moves from the zenith towards

the horizon, additional noise is picked up
from the atmosphere and, for angles of ele-

vation below a few degrees, from the ground
via the minor lobes of the radiation diagram.
Figure 11-4 shows, curve (c), the calculated
noise contribution from a "standard" atmos-
phere. The difference between the measured

overall noise temperatures shown in curves
(a) and (b) represents an improvement of

some 15°K due to a reduction of the feeder

system losses by 0.2 db. Of particular inter-
est is the limited range of variation of the
overall noise temperature at given angles of
elevation over a period of some two months

with changing atmospheric conditions, i.e.,
clear skies interspersed with rain, cloud, and
occasional ground mist. It is believed that
this small range of variation is in part due
to the absence of a radome, which when wet
could contribute significantly to the overall
noise temperature.
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FIOUB_ll-4.--Goonhilly overall noise temperature (measured) 4170 Me.
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Transm_tfers

The transmitter used at Goonhilly for tests

with Relay produces an output of up to 10 kw

at 1725 Mc. The corresponding maximum

effective radiated power, allowing for the

aerial gain and the feeder losses, is some 700

megawatts.

Results of Tests and Demonstrations

Characferisflcs of Received Carrier

The characteristics of the received carrier

of primary interest are:
1. The variation of level during a satellite

pass, especially at low angles of elevation.

2. The Doppler frequency shift due to the
motion of the satellite relative to the earth

stations.

The variation of received carrier level

during a typical pass of Relay is shown in

Figure 11-5. It indicates:

1. Acquisition of the satellite with the

aerial beam only 0.5 degree above the hori-
zontal.

2. Fluctuations of level of a few decibels

for angles of elevation up to about three

degrees, due to tropospheric layers and ir-

regularities.

3. A steadily increasing level from about
three degrees elevation, to the end of the

pass.
Study of the variations of received carrier

level for low angles of elevation is of con-

siderable importance for the design of opera-

tional communication satellite systems, since

the coverage obtainable and therefore the

number of satellites required depends on the

minimum angle of elevation at which signals

can be consistently received. The fact that

the horizon at Goonhilly is not more than

0.5 degree above the horizontal has facili-

tated such studies. Statistical data of the

variation of received carrier level at low

angles of elevation, obtained during a num-

ber of satellite passes, is shown in Figure

11-6. It is considered that reliable operation

can be achieved for angles of elevation down

to about three degrees; however, more data

are needed to confirm this provisional result.

For angles of elevation above about three

degrees, the received carrier level can be

calculated with good accuracy from the free-

space transmission equation, allowance being

made for the satellite "look angle", i.e., the

angle which determines the effective gain

(or loss) of the satellite aerial along the
direction between the satellite and the earth

station.

Figure 11-7 shows a comparison between
the measured and calculated received car-

rier powers for a typical pass of Relay. It

also shows the Doppler frequency shift of

the carrier during the pass, due to the rate
of change of path length between the earth

stations via the satellite. The varying small
difference between the measured and calcu-

lated values is due to frequency drift of the

oscillators in the satellite and earth stations.

The Doppler frequency shift may be up to
some 80 kc on the 4170 Mc received carrier,

i.e., up to 2 parts in 105, in the case of the

RECEIVED -90

CARRIER

POWER -95

-100

0 ° 39' 1° 42' 4 ° 2* 6 ° 32' 9 ° 10'

I I I I
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2 4 6 8

ELEVATION (degrees)

11°54 ' 14°47 _ 17_49 ' 2t°01 ' 24D271 28°07 _

I I I I = I I

l I I I I I
10 12 14 16 18 20

TIME (m;nutes)

3205 ` 36026 ' 41011 ' 46°26 ,

1 I I I 1
22 24 26 28

AT A THE SATELLITE WAS 7000 MILES FROM GOONHILLY.

AT B THE SATELLITE WAS 3000 MILES FROM GOONHILLY.

AT C THE SATELLITE TRANSMITTER WAS SWITCHED OFF.

_[CUR_ ll-5.--Variation of received carrier power with angle of elevation and time.
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FIGURE ll-6.--Variation of received carrier level
at low angles of elevation.
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For earth stations on opposite sides of the

Atlantic the Doppler shift rarely exceeds

1 part in 105, and is generally appreciably

less. Such shifts of the carrier frequency are

not significant in the wideband RF or IF

channels of the FM communication system;

they are important, however, in the narrow-

band beacon channel which has to be tuned

to allow for the shift. Doppler frequency

shifts of up to 1 or 2 parts in 105 also occur

in the baseband signals ; the effects for vari-

ous types of baseband signal will be discussed
later.

Selective Fading and Multi-Path Effects

Observations have been made on many occa-

sions to determine whether frequency selec-

tive fading or multi-path effects, e.g., due

to partial reflections from tropospheric lay-

ers, are present. Such effects might be ex-

pected to occur, for example, at low angles
of elevation with glancing incidence on the

tropospheric layers.
Frequency selective fading can be investi-

gated by transmitting a frequency-modulated
carrier with d deviation of several mega-

cycles per second and observing the received

signal on an IF spectrum analyzer; multi-

path echo signals can be investigated by

transmitting a narrow pulse, e.g., 0.2 micro-

second pulsewidth, and observing the re-
ceived baseband signal.

Although many observations have been

made, no evidence of selective fading or

multi-path effects within the limits of reso-

lution of the equipment have been detected

for angles of elevation above about three

degrees. This favorable result is attributable

in part to the very high directivity of the

earth-station aerial, which discriminates

markedly against any tropospheric reflec-

tions more than a fifth of a degree off-beam,

and partly to the smaller reflection coeffi-

FICURE ll-7.--Comparison of measured and calibrat- cients for angles of incidence of greater than
ed received carrier power and Doppler shift. a few degrees relative to the mainly hori-

zontal layers.

Relay satellite, for a loop connection via the Below about three degrees elevation of the

satellite, i.e., from one earth station to the earth-station aerial beam, the received car-

satellite and back to the same earth station, rier level fluctuations indicate reflections
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from tropospheric discontinuities. However,
even in this region, the relative delays of

such signals are so small that they do not
give rise to significant selective fading or
echo effects.

The foregoing observations are confirmed
by the excellent transmission quality of the
satellite link for television and multi-channel

telephony signals, referred to later.

Satellite Tracking Accuracy

For angles of elevation above about three
degrees, errors in uncorrected aerial point-
ing relative to the wave arrival direction
rarely exceed 10 minutes of arc, and are
generally less than 5 minutes of arc for
satellite orbits predicted up to two weeks
in advance. The manual or auto-track fine

correction systems enable even these small
errors to be reduced to one or two minutes

of arc.

These results indicate the practicability in
operational systems of using aerials with
beamwidths of only 10 minutes of arc, i.e.,
with gains of up to about 60 db, provided
that such regular operation does not extend
below about three degrees elevation relative
to the horizon. Below about three degrees

elevation, ray bending due to atmospheric
refraction plays an increasingly important
role; in the case of a satellite, the true direc-
tion of which is horizontal, the aerial must
be pointed about 0.6 degree above the hori-
zontal, for a "standard" atmosphere. In
practice the amount of refraction varies
somewhat about the "standard" value and

small fluctuations of wave arrival direction

occur at low angles of elevation.

Television Transmission

It is to be noted that a sound channel is

normally provided with the television chan-
nel, using a 4.5 Mc frequency-modulated sub-
carrier in the baseband. This requires that
a 3 Mc low-pass filter be inserted in the tele-

vision channel; the results reported _re with
such a filter in use, except where indicated
otherwise.

Video Channel Transmission Characteris-

tics-Typical video channel gain and delay/
frequency responses, measured at Goonhilly,
via the Relay satellite in loop, are shown in
Figure 11-8. As would be expected in a
frequency-modulation system, the loop-gain
stability is good, the variation being gener-
ally less than +__0.2 db.

RELAy

VIA SATELLITE LOOP PASS No. 649

3 M¢ L,P. FILTER IN CIRCUIT (7 MARCH 1963)

÷1

if INSERTION - GAIN
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(eo)

_ I I l l I
I 2
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-0.5 _. J- [ ]ROUF DEIY [

o ! 2

FREQUENCy (Me)

FIGURE ll-8.--Insertion-gain and group delay/fre-

quency characteristics of video channel.

The video waveform response, measured
with a sine-squared pulse (2T ---- 0.3 t_)
and bar signal with the satellite in loop is
shown in Figure 11-9. The corresponding
K-rating factor, which defines the waveform
distortion, is less than 2 percent.

The good quality of the satellite video
channel is shown by Figure 11-10, a typical
test card on the U.S. 525-line television
standard transmitted from Andover, Maine,

to Goonhilly via Relay. Multipath and echo
signals are imperceptible; such imperfec-
tions as are apparent on close examination
of the received test card are due to the band-

width restriction imposed by the 3 Mc low-
pass filter on the nominal 4.5 Mc bandwidth

video signal.
Doppler frequency shifts have no effect on

the quality of the received monochrome video
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.................................. :: been in the range from about 40 to 50 db,
corresponding received carrier-to-noise ratios
in a 25 Mc IF band exceeding some 10 db.
The measured values have agreed, within one
or two decibles, with the calculated values
allowing for satellite range and look angle,
the receiving system noise temperature and
other characteristics.

Under the above conditions it is possible
to use a normal frequency modulation de-
modulator to recover the video modulation

from the carrier; however, occasionally due
to the abnormally long distance to the satel-
lite, unfavorable satellite look angles or low

_ : _- ._____::_:: _ angles of elevation at the earth station, the

=___:_ ::: ::::::_-_: :_ -:?: _ _ceiVed carr_-tb-noise ratio h-as been_iess
_ :: :-::-_-::_::: __:: _-:_ - _han 10 db. Under these conditions a fre-

_ _ ::=_.... " -/lfiency-following negative-feedback (FMF_)_

demodulator, or a variable-bandwidth dy-
namic-tracking demodulator (DTVB) can
be used and have been shown to give satis-

factory results for carrier-to-noise ratios,
measured in a 25 Mc band, of only 6 db and
useable results at even smaller ratios. The
DTVB demodulator uses a narrowband filter,

the center-frequency of which follows the
instantaneous frequency of the FM carrier,
the filter bandwidth being adjustable to suit

the prevailing noise conditions. Figure 11-11
shows a comparison of the performance of
the FMFB and DTVB demodulators with a
normal FM demodulator under conditions of
low carrier-to-noise ratio.

(SINE-SQUARED ZT PULSE ANO BAR) RESPONSE Use of Video Pre-emphasis and De-empha-
FIaURE 11-9.--Video waveform via satellite loop sis It has generally been preferred at

(3 Mc) L. P. filter in circuit. Goonhilly to use video pre-emphasis and de-

emphasis, since this reduces the mean devi-
=: : : "_-_--_- : =- : _ ation cy modulated carrier

without reducing the overall signal-to-noise
ratio. The smaller mean deviation has two

signals, since they correspond to a slow advantages.
variation of transmission time of a few tens 1. It reduces crosstalk from the video

of milliseconds during each pass and this is channel into the subcarrier audio channel
imperceptible to viewers, due to residual non-linearity of the FM

Video Signal-to-Noise Ratio--For most system
passes of the Relay satellite, and for angles 2. it improves the overall performance of
of elevation above a few degrees, the meas- the video channel under low-carrier-to-noise
ured overall weighted video signal (peak-to- ratio conditions by minimizing effects due to

peak, black-to-white) to RMS noise ratio has maser bandwidth limitations.

VIDEO WAVEFORH
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FIGURE ll-10.--Typical test card received at Goonhilly.

Video-to-Audio Crosstalk--Without video
pre-emphasis the audio noise due to crosstalk
from the video channel has varied from about

--30 to --40 dbm (weighted), depending on
picture content; with video pre-emphasis,
values ranging from --44 to --48 dbm have
been obtained.

Multi-Channel Telephony Transmission

Multi-channel telephony tests are espe-

cially important since the economic viability
of communication satellite systems will de-
pend to a considerable degree on their ability
to accommodate large numbers of telephone
channels, subdivided into both small and
large blocks of channels.

The multi-channel telephony tests carried

out with the Relay satellite have been of two
types :

1. Two-way tests, e.g., demonstrations be-

tween telephone subscribers, using blocks of
12 or 24 channels in the baseband from 12 to

108 kc

2. One-way tests of 300 or 600 simulated

telephone channels, using white noise in the
baseband from 60 to 2540 kc.

12/2._ Channel Two-way Telephony Tests--
For two-way transmission of 12 or 24 tele-

phone channels the transmissions from the

two earth stations are spaced by 3.33 Mc,

received in the satellite in separate narrow-

band receivers, frequency-tripled at the in-

termediate frequency, and transmitted via a
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the resuItshave been -fully comparable
other high-quality long-distance transmis-
sions systems. In one series of tests six tele-

_T,,...,.ut,,. phone channels in a 12-channel group were
_"_'+*-++''+_ looped via the Relay satellite to provide a

45,000 mile transmission path in space, the
one-way transmission delay then being about
a quarter of a second. The telephone speech
over this long path was of satisfactory qual-

-++_-___--+_++-++_+ ity and s_ntia+lIy free from noise and
interference; _he effect of the transmission

delay was, however, noticeable as an occa-
sional difficulty in interrupting the distant

speaker.
_.,.,., Dr.+PUt,Tot One-Way Tests with 300/600 Simulated

Telephone Channels As mentioned earlier,
large numbers of telephone channels car-
rying speech and other signals may be con-
veniently simulated by white noise with a

__+._--_,+_ _ uniform spectrum occupying the same fre-
__++:" _-=:+-++_+ quencW-+-_g as the tetephone channels, e.g.,

60 to 1300 kc for 300 channels and 60 to 2540
kc for 600 channels.

In order to determine the performance of

a transmission system, narrow slots are in-
F...r._+.o_.o.t,_o,

++,__,.,,-++,+, serted in the spectrum of the white-noise
test signal, the slots being centered on 70,

534, 1248 and 2438 kc. The slots enable any
noise, whether basic, i.e., of thermal origin,

+ or due to intermodulation between the sig-
nals in the telephone channels, to be meas-

FmVRm 11-11. Comparison of FMFB, D. T. V. B.
and normal demodulators, ured at the output of the transmission

system under test. The loading of the trans-
mission system, i.e., the RMS frequency

common broadband output amplifier, the deviation produced in a frequency-modula-

carrier spacing then being 10 Mc. This rep- tion system, by the multi-channel signal, can
resents a somewhat inefficient use of band- be varied by adjusting the level of the white-

Width, but the arrangement is convenient for noise test signal at the input of the system.
experimental purposes in that only one trans- As the loading is increased, the level of basic
ponder is needed in the satellite for two-way noise in the slot channels at the output of the
tests. " system decreases and the inter-modulation

The weighted noise in the 3.1 kc wide nbise increases.-Thus, an optimum loading
telephony channels_+measured at a point of condition giving the best overall signal-to-
zero relative level, ranges in general from noise ratio can be determined.
about --55 dbm0to--B5 dbm0, when working Furthermore, the effect of pre-emphasis
with thelarger +eari_h stations. .... --=of the multi-channel+-si-g-naTb+e]_bre transmis-

_The two-w_e_ne channels have been+- s]dn -cdii_be readily assessed by means of a
used for many subj++ective tests and demon- " w_hite-noise test signal. Pre-emphasis is use-
strations between telephone subscribers and fuI in frequency modulation systems for
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multi-channel telephony, since in the absence

of pre-emphasis the basic noise spectrum
tends to be "triangular", the signal-to-basic

noise ratio in the high-frequency baseband
channels being worse than in the low-fre-
quency channels; with pre-emphasis a more
uniform distribution of signal-to-noise ratio
in the baseband can be obtained. However,

in choosing the amount and shape of the
pre-emphasis characteristic, a compromise is

necessary, since too much pre-emphasis in-
troduces excessive intermodulation noise in

low-frequency telephone channels.
White-noise test signals are also useful for

comparing the multi-channel telephone per-
formance of FMFB and standard demodu-
lators under conditions of low received
carrier-to-noise ratio.

The application of these principles to simu-
lated multi-channel telephony tests using the
Relay satellite will now be discussed. Figures
11-12 and 11-13 respectively show the re-
sults of 300 and 600 channel white-noise

loading test with Relay, the loading being
varied about a "normal" value for the simu-

fated multi-channel signal, the deviation pro-
duced by a test-tone of I mw at zero level
point in a telephone channel then being 675
kc RMS. The results indicate that the "nor-

mal" deviation was nearly optimum with the
single exception of the lowest channels and
only under 600 channel loading. The effect

of pre-emphasis was, as expected, to improve
the high-frequency channels, e.g., at 2438 kc,
at the expense of the low-frequency channels,
e.g., at 70 kc. The pre-emphasis used was
the standard characteristic for conventional

radio-relay systems with a range of 8 db.
The tests have also shown that with a

standard FM demodulator the system thresh-
old occurs for a carrier-to-noise ratio, in a
25 Mc band, of about 10.5 db; with the

FMFB demodulator the corresponding ratio
is about 6.5 db, an improvement of 4 db.

In an operational system meeting inter-
national circuit standards, the test tone-to-

weighted noise ratio would be expected to
exceed 50 db, compared, with the values of
46 to 56 db shown in the 300-channel tests

-- WITH PRE-EMPHASIS

..... WITHOUT PRE-EMPHASIS RELAy
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FIGURE 11-12.--300 channel white noise loading test,
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FmURE 11-18.--600 channel white noise loading test.
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and 37 to 45 db in the 600-channel tests, typical Relay orbits, which are highly, ellipti-
However, it should be borne in mind that the cal, this might be up to 10 milliseconds in a
experimental satellite Relay does not employ picture transmission time of 7.5 minutes, i.e.,
significant aerial gain at the satellite; in an up to 2 parts in 10: compared with the CCITT
operational system using attitude-stabilized recommended limit for skew of 1 part in 105.
satellites, aerial gains of up to 15 db would In an operational satellite system using a
be possible and would yield a corresponding medium-altitude circular equatorial orbit the
improvement in signal-to-noise ratio. Fur- rate of change of transmission delay would
thermore, the linearity of the experimental be less than for the Relay orbits, and would

system is by no means optimum; improved be within the CCITT limit for skew.
RF/IF delay equalization and more linear

V. F. Telegraphy and Data Transmissionmodulators and demodulators should be pos-
sible with further development. Given such Many tests of V.F. telegraphy transmission
improvements, it is expected that at least have been made via Relay satellite, using
1000 telephone channels to international cir- individual audio channels in the 12/24 chan-
cult standards should be achievable on each nel groups. Standard frequency-modulation

radio carrier, using satellite transmitter V.F. telegraph terminal equipments were
powers of no more than a few watts. With used with the following characteristics :

large blocks of telephone channels, correction 1. 120 cps channel spacing and a frequency
of Doppler frequency shifts would be neces- deviation of + 30 cps (CCITT stand-
sary, as discussed later, ard)

2. 170 cps channel spacing and frequency
rac,_mileTransmission deviation of --+ 35 cps (U. S. standard)

A number of tests of facsimile transmis- The tests were in three main classes :

sion have been made via the Relay satellites, 1. Demonstrations, in cooperation with
using individual audio channels in the 12/24 American telegraph common carriers,
channel groups and standard facsimile trans- between Telex subscribers in London
mitters and receivers, and New York.

1. A double-sideband amplitude modulated Although some difficulties were encoun°
audio tone, e.g., 1300 cps. tered initially, apparently due to differ-

2. A frequency-modulated audio tone, e.g., ences between British and American
with 1500 cps for white and 2300 cps V.F. telegraph equipments, most of the
for black, demonstrations were successful and it

In general, the amplitude-modulated trans- was concluded that the satellite link did
missions are more susceptible to impairment not contribute any significant adverse
due to noise or variations of loss in the trans- factor.
mission path, than are the i'requency-modu- 2. Tests over the loop London-Andover-

lated transmissions, and are thus a more London, using 50-baud signals and
searching form of test. CCITT standard terminal equipment.

Figure 11-14 shows CCITT test charts On a number of-passes, even when the
transmitted via Relay, the upper chart with signal-to-noise ratio was lower than

befrequency moduIation and the lower chart would normally expected, the start-
with amplitude modulation, stop distortion--a-n_thebasic error rate

The principal defect likely to occur in fac- was about the same as tl_a_of a long

simile transmission via asateliite link, unless_ distance circuit progTd-ed-%_ conven-
special means are taken to prevent it, is tional means. _ .........
"skew" of the received picture due to the 3. One-way tests between New York and

gradually changing transmission delay as the London using U.S. standard terminal
path length via the satellite changes. For equipment.
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FI_U_. 11-14.--Facsimile transmission, Relay I.

For the channels in the 12/24 channel

groups used for the various telegraph tests,

Doppler frequency shifts were less than 1

or 2 cps, and thus did not present a major

source of distortion. However, it was noted

that, while the gradually changing transmis-

sion time causes no difficulty for start-stop

teleprinter systems, an adequate range of

automatic speed correction is necessary for

isochronous systems. In future operational

satellite communication systems using larger

blocks of channels with higher baseband fre-

quencies than the 12/24 channel groups used

in the tests it will be necessary to correct for

Doppler frequency shifts, e.g., by the use of

pilot reference frequency carriers, path-delay

correction or by other means. Consideration

will also need to be given to compensation for

the change of transmission delay in switch-

ing from satellite-to-satellite, which may be

up to 10 or 20 milliseconds, equivalent to one

element of a 50-baud teleprinter signal, in

some types of satellite system.

Conclusions

In this broad survey it has only been pos-

sible to present representative results from

the considerable volume of experimental data

that has been accumulated since the launch

of Relay I. Nevertheless, the results obtained
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from the tests and demonstrations to'date

have confirmed the expectation that active
communication satellites could provide high-

quality stable circuits for television, multi-
channel telephony, V.F. telegraphy and fac-
simile picture transmission. The very good
results obtained in the tests with 600 simu-

lated telephone channels, are particularly
noteworthy. With further development it is
considered that it will be possible to transmit

at least a thousand telephone channels, of
international circuit performance standards,
on each radio carrier; communication satel-
lites with twice or three times this capacity
can be envisaged.

The propagation results obtained at Goon-
hilly have been particularly interesting since

they have revealed the possibility of reliable
operation down to elevation angles of only
a few degrees. This conclusion has a marked

bearing on the coverage provided by a com-
munication satellite and the numbers of satel-

lites required to provide worldwide coverage.
It is also of interest that at no time has

interference, e.g., from radio-relay systems
sharing the same frequency band or from
other man-made sources, been detected on
the satellite link.

The practicability of tracking satellites, to
within some ten minutes of arc, from orbital
data predicted up to a fortnight in advance,
with automatic fine correction to within a

minute or two of arc, has been established.
Finally, it is believed that the results ob-

tained at Goonhilly and the other earth sta-

tions participating in the NASA cooperative

program of communication satellite tests will
be of considerable value for the design of
future operational systems.
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